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Simulations  of  Erosion /Corrosion 
Surface  Chemical  Reactions 
with  A  Laser  Beam 

Abstract 

Surface  chemical  reactions  in  highly  transient  reactive  environments  frequently  con¬ 
tribute  to  material  degradation  and  subsequent  loss  by  erosion /corrosion  mechanisms.  An 
attempt  was  made  to  simulate  these  reactions  with  a  pulsed  laser  system  in  a  pressure 
chamber.  Gaseous  carburizing  and  nitriding  reactions  were  studied  because  of  their  fre¬ 
quent  occurrence  in  erosion /corrosion  environments.  Reactions  in  pure  iron  and  AISI  4340 
steel  were  characterized  by  secondary  ion  mass  spectroscopy  (SIMS),  optical  metallogra¬ 
phy,  and  scanning  electron  microscopy  (SEM).  Gases  used  for  laser-pulsing  included  ar¬ 
gon,  methane,  carbon  monoxide,  ammonia,  and  nitrogen.  The  effect  of  gas  pressure  also 
was  investigated.  The  results  demonstrate  that  significant  amounts  of  the  reactive  species 
can  be  driven  into  metal  surfaces  if  the  energy  of  the  laser  pulse  exceeds  the  threshold  for 
surface  melting  to  occur.  Specimen  response  appears  to  be  reproducibly  sensitive  to  the 
environment  even  in  the  relatively  short  time  frame  of  the  600-jus  laser  pulse.  Tests  also 
were  performed  on  AISI  4340  steel  specimens  coated  with  tungsten  to  demonstrate  the 
capability  of  the  laser  system  to  test  candidate  coating  materials. 


Introduction 


Many  military  devices  are  either  exposed  to 
or  operated  in  highly  transient  reactive  environ¬ 
ments  that  generate  extensive  material  degrada¬ 
tion  by  the  simultaneous  occurrence  of  erosion 
and  corrosion  mechanisms.  Pulsed  high-tempera¬ 
ture  combustion  environments  are  typical  exam¬ 
ples  of  processes  that  generate  such  environ¬ 
ments.  The  flow  of  particulate  material  during 
high-temperature  high-pressure  gas  pulses  can 
cause  serious  material  loss  by  erosion.  In  reactive 
environments,  the  occurrence  of  erosion  is  sus¬ 
pected  to  periodically  expose  fresh  surfaces  on  the 
substrate  material  for  surface  chemical  reactions 
to  occur.  These  surface  reactions  can  significantly 
alter  the  composition  of  the  substrate  material  and 
exert  an  important  influence  on  erosion/corrosion 
mechanisms.  However,  the  extent  to  which  these 
reactions  occur  and  the  effect  they  have  on 
erosion/corrosion  mechanisms  are  not  clearly  de¬ 
fined.  Therefore,  a  laser  pressure-chamber  system 
was  developed  to  simulate  selected  transient  reac¬ 
tions  that  occur  in  gaseous  crosion/corrosion 
environments. 

Although  most  erosion/corrosion  mecha¬ 
nisms  operate  in  a  dynamic  flow  environment,  the 


laser  system  operates  in  a  quasi-static  gas  environ¬ 
ment.  However,  the  thermal  pulse  of  the  laser  sys¬ 
tem  is  considered  to  be  similar  to  thermal  pulses 
encountered  in  many  highly  transient 
erosion/corrosion  conditions,  and  thermal  gradi¬ 
ents  induced  in  specimens  pulsed  with  a  laser 
beam  closely  resemble  those  encountered  by  criti¬ 
cal  components  during  actual  operation.  Experi¬ 
ments  performed  in  the  early  phases  of  this  pro¬ 
gram1  demonstrated  that  the  laser  system  was  a 
viable  tool  for  these  simulations. 

Various  types  of  gaseous  surface  chemical  re¬ 
actions  can  occur  in  erosion/corrosion  environ¬ 
ments.  Some  of  these  reactions  are  discussed  in 
Appendix  1.  Unfortunately,  the  reactions  that  op¬ 
erate  in  an  erosion/corrosion  environment  are  dif¬ 
ficult  to  predict  from  static  experimental  data. 
However,  the  identity  of  the  surface  chemical  re¬ 
actions  that  occur  in  erosion/corrosion  is  perhaps 
not  as  important  as  the  extent  to  which  they  alter 
the  surface  and  particularly  the  subsurface  com¬ 
position.  In  fact,  material  loss  by  erosion/ 
corrosion  mechanisms  is  strongly  affected  by  sub¬ 
surface  mechanisms.  Therefore,  the  success  of  this 
program  ultimately  requires  that  the  extent  to 
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which  surface  chemical  reactions  alter  subsurface 
properties  and  the  subsequent  effect  on  the  oper¬ 
ative  erosion /corrosion  mechanisms  be  identified. 
This  also  dictates  that  the  material  parameters  that 
control  these  mechanisms  be  properly  isolated. 
This  is  a  difficult  task,  however,  because  many  of 
the  practical  materials  used  for  erosion/corrosion 
applications,  such  as  steels,  have  complex  micro¬ 
structures.  These  microstructures  are  difficult  to 
analyze  unambiguously,  particularly  when  at¬ 
tempting  to  isolate  the  subtle  microstructural  and 
chemical  changes  that  occur  during  erosion/ 
corrosion  reactions.  Therefore,  an  attempt  was 
made  to  utilize  simplified  model  materials  and  re¬ 
actions.  A  sealed,  high-pressure  chamber  was  de¬ 
veloped  for  simulating  high-pressure  and  energy- 
pulse  environments. 

The  substrate  materials  selected  were  pure 
iron  and  AISI  4340  steel.  Pure  iron  was  selected  to 
enhance  the  detection  and  analysis  of  changes  in 
the  chemical  composition  and  microstructural 
changes;  it  has  proven  to  be  an  ideal  model  mate¬ 
rial  for  this  study.  AISI  4340  steel  was  selected  as 
the  second  material  since  it  is  used  in  several 
erosion/corrosion  environments.  Additional  rea¬ 
sons  for  restricting  the  study  to  these  two  materi¬ 


als  were  to  facilitate  development  of  analvtical 
techniques  and  determine  the  reproducibilitv  of 
the  laser  svstem. 

Emphasis  was  placed  on  carburizing  and 
nitriding  reactions,  particularly  since  these  reac¬ 
tions  are  suspected  to  be  dominant  in  manv 
erosion/corrosion  environments.  Gases  that  have 
been  used  in  the  pressure  chamber  include  air,  ar¬ 
gon,  methane-and-argon  mixtures,  carbon  mon¬ 
oxide,  nitrogen,  and  ammonia.  Some  information 
also  was  obtained  on  oxidizing  reactions,  since 
impurities  resulted  in  slight  oxidation  during  the 
inert  gas  experiments.  An  important  aspect  of 
these  experiments  was  to  investigate  the  effect  of 
gas  pressure  on  the  extent  of  the  reaction. 

To  improve  the  resistance  of  critical  compo¬ 
nents  exposed  to  erosion/corrosion  conditions,  an 
obvious  and  frequently  applied  technique  is  to 
coat  the  component  with  material  that  is  more  re¬ 
sistant  to  erosion/corrosion  than  the  unprotected 
substrate.  Therefore,  tests  were  performed  on 
AISI  4340  specimens  that  had  been  coated  with 
tungsten.  The  results  demonstrate  that  the  laser 
system  can  produce  useful  data  on  the  perfor¬ 
mance  of  candidate  coating  materials  for 
erosion/corrosion  applications. 


Experimental  Procedures 


Target  Materials 


The  purity  of  the  iron  available  for  this  study 
was  nominally  99.96%.  The  chemical  composition 
is  listed  in  Table  1.  The  carbon,  nitrogen,  and  oxy¬ 
gen  contents  of  18.0,  1.0,  and  33.0  ppm,  respec¬ 
tively,  were  sufficiently  low  to  facilitate  the  detec¬ 
tion  of  small  changes  in  the  concentrations  of 
these  elements  induced  by  laser  pulsing. 

The  composition  of  the  AISI  4340  steel  is 
listed  in  Table  2.  The  material  was  in  the 
quenched  and  tempered  condition,  which  resulted 
in  a  uniform  tempered  martensitic  microstructure. 


Gases 

Carbon  monoxide  is  a  frequent  combustion 
product  that  forms  in  erosion/corrosion  environ¬ 
ments.  The  dissociation  of  carbon  monoxide  in  a 
reducing  atmosphere  can  cause  carburization  (Ap¬ 
pendix  1),  and  carbon  monoxide  was  an  obvious 
choice  for  a  carburizing  gas.  However,  the 
dissociation  of  carbon  monoxide  is  known  to  re¬ 


quire  catalysis  at  moderately  low  temperatures,2 
particularly  for  carburization  of  iron,  and  this  sug¬ 
gested  that  dissocation  of  carbon  monoxide  may 
be  difficult  within  the  short  time  frame  of  a  laser 
pulse.  To  insure  that  carburization  did  occur, 
methane  was  selected  as  a  second  carburizing  gas. 
Methane  is  used  in  industrial  carburizing  pro¬ 
cesses,  and  it  does  not  require  catalysis  for 
dissociation.2  Early  experiments  revealed  that 
methane  decomposed  during  laser  pulsing  at  rela¬ 
tively  low  gas  pressures  to  form  soot  on  the  inter¬ 
nal  surfaces  of  the  pressure  chamber.  This  caused 
absorption  of  the  laser  beam  and  impaired  re¬ 
producibility.  Consequently,  dilute  mixtures  of 
methane  in  argon  were  used. 

The  dissociation  of  nitrogen  in  the  laser  sys¬ 
tem  was  subject  to  similar  uncertainties,  and  this 
led  to  the  selection  of  both  ammonia  and  nitrogen 
in  attempts  to  sustain  nitriding  reactions  in  the 
laser  pressure-chamber  system.  Ammonia  tended 
to  condense  on  the  walls  of  the  pressure  chamber 
at  pressures  above  100  psi,  so  the  ammonia  ex¬ 
periments  were  limited  to  this  pressure.  Purified 
argon  and  air  also  were  included  in  the  program 
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Table  1.  Chemical  analysis  of  high-purity 
iron. 


Element 

Amount 

(ppm -atom  fraction) 

C 

18.0 

O 

33.0 

H 

-  1.00 

N 

-  1.00 

Al 

60.0 

Na 

ND" 

Mg 

•  10.0 

P 

ND 

S 

40.0 

Cl 

ND 

K 

ND 

Ca 

-  10.0 

Ti 

-  10.0 

Fe 

Major 

Cu 

30.0 

Si 

30.0 

Cr 

30.0 

Ni 

-  10.0 

Zn 

ND 

Ga 

ND 

Zr 

ND 

Nb 

ND 

Mo 

30.0 

Pd 

ND 

Ag 

<  5.0 

In 

ND 

Sn 

<30.0 

Sb 

ND 

Ta 

ND 

w 

ND 

PI 

ND 

Au 

ND 

Pb 

<30.0 

*  Analytical  techniques:  emission  spectroscopy,  vacuum 
fusion  (gases),  and  conductometric  (carbon). 
b  Not  detected. 


to  check  the  operation  of  the  system  and  to  pro¬ 
vide  baseline  data  for  the  carburizing  and 
nitriding  reactions.  Thus,  the  following  gases  were 
used  for  this  study: 

Argon 

10%  methane  in  argon* 

Carbon  monoxide 

Ammonia 

Nitrogen 

Air 


Table  2.  Chemical  analysis  of  4340  steel. 

Llement  Amount  (wt1 

c 

0.42 

Mn 

0.75 

P 

0.13 

S 

0.011 

Si 

0.25 

Cr 

0.77 

Ni 

1.70 

Mo 

0.26 

Cu 

0.06 

Al 

0.03 

Sn 

0.01 

All  gases  except  air  were  obtained  from  commer¬ 
cial  gas  cylinders. 

An  important  consideration  in  these  experi¬ 
ments  is  that  impurities  can  significantly  modify 
surface  reactions.  Possible  sources  of  impurities 
are  contamination  in  the  bottled  gas,  residual  air 
and  v\  ater  vapor  not  completely  purged  from  the 
pressure  chamber,  and  contamination  adso.bed 
onto  the  specimen  and  the  internal  surfaces  of  the 
pressure  chamber.  Initial  efforts  were  made  to  pu¬ 
rify  the  gases,  but  slight  amounts  of  oxidation  ap¬ 
peared  in  most  of  the  experiments,  particularly 
those  conducted  with  argon.  This  proved  to  be 
fortuitous,  however,  because  it  demonstrated  the 
sensitivity  of  specimen  response  to  the  environ¬ 
ment  and  provided  additional  information  on  oxi¬ 
dation  reactions. 


Specimen  Preparation 

The  iron  and  AIS1  4340  specimens  were  1/2- 
in. -diameter  disks  approximately  1/8-in.  thick. 
The  surface  of  each  specimen  that  was  to  be  ex¬ 
posed  to  the  laser  beam  was  metallographicallv 
polished.  This  enhanced  detection  of  surface  dam¬ 
age  and  also  provided  a  more  uniform  surface  for 
SIMS  analysis.  For  the  energy-absorption  com¬ 
putations,  each  specimen  was  weighed  to  within 
0.5  mg,  and  the  specimen  thickness  was  mea¬ 
sured  with  a  micrometer.  A  Chromel-Constantan 
(Type  E)  thermocouple  was  spot-welded  to  the 
center  of  the  back  surface  of  each  specimen.  The 
thermocouple  wire  diameter  was  0.005  in.  Experi¬ 
ments  were  performed  on  the  use  of  piezoelectric 
crystals  to  generate  frequency-response  and  pres¬ 
sure-response  data,  but  time  did  not  permit  the 
development  of  this  technique  for  routine  use. 


hereafter  denoted  as  methane/argon. 
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Laser  System 

The  laser  available  for  this  study  was  a  two- 
stage  neodvmium-glass  laser  capable  of  generat¬ 
ing  a  pulse  of  up  to  100  J  in  the  normal  mode;  the 
pulse  duration  was  600  ^s,  and  the  beam  diameter 
was  19  mm.  A  schematic  diagram  of  the  laser  sys¬ 
tem  is  shown  in  Fig.  1,  and  an  engineering  safety 
evaluation  of  the  pressure  chamber  is  detailed  in 
Appendix  2.  The  beam  was  directed  through  two 
glass  beam  splitters.  A  small  portion  of  the  beam 
was  diverted  into  a  calorimeter  by  one  beam  split¬ 
ter  to  monitor  beam  energy  and  into  a  photodiode 
by  the  other  beam  splitter  to  provide  a  trigger 
pulse  for  the  recording  oscillosope.  As  shown  in 
Fig.  1,  the  main  beam  then  passed  through  a  con¬ 
verging  lens  and  an  aperture  (not  indicated  in  the 
figure),  entered  the  pressure  chamber  through  the 
entrance  window,  and  was  deposited  on  the  spec¬ 
imen.  The  lens  focused  the  beam  to  a  diameter  of 


Gas  in 


3.2  mm  (1/8  in.)  on  the  surface  of  the  specimen. 
The  pressure-chamber  system  was  enclosed  in  a 
vented  hood  to  minimize  toxicity  and  combustion 
hazards  in  the  event  that  a  window  failed. 

Sapphire  was  chosen  for  the  window  mate¬ 
rial.  It  has  a  transmissivity  of  about  0.83  at  a 
wavelength  of  1.06  /jm,  the  operational  wave¬ 
length  of  the  neodynium  glass  laser.  In  addition, 
sapphire  cracks  slowly;  it  does  not  have  a  ten¬ 
dency  to  fail  catastrophically  as  quartz  and  other 
transparent  materials  do.  Unfortunately,  the  qual¬ 
ity  of  the  sapphire  windows  was  not  consistent, 
and  impingement  of  the  laser  beam  on  impurities 
tended  to  initiate  pitting  and  cracking.  This,  in 
turn,  reduced  the  transmitted  intensity  of  the 
beam.  Therefore  several  precautions  were  taken 
to  protect  the  window.  In  high-pressure  experi¬ 
ments,  the  lens  was  positioned  inside  the  pressure 
chamber.  This  permitted  a  larger-diameter  beam 
to  be  passed  through  the  window  and  reduced  the 
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Fig.  1.  Schematic  diagram  of  the  laser  system. 
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energy  density  of  the  beam  in  the  sapphire  win¬ 
dow.  This  also  reduced  the  decomposition  of  the 
carburizing  gases  at  high  pressures  that  caused 
deposition  of  soot  films  both  on  the  specimen  and 
on  the  internal  optical  surfaces  of  the  pressure 
chamber.  A  cover  glass  placed  between  the  speci¬ 
men  and  the  internal  lens  eliminated  redeposition 
of  metallic  elements  from  the  specimen  onto  the 
back  surface  of  the  lens.  A  new  cover  glass  was 
inserted  for  each  run.  Further  protection  of  the 
lens  and  window  was  obtained  by  tilting  the  spec¬ 
imen  4  decrees  off  axis.  This  shifted  the  reflected 
beam  and  substantially  reduced  damage  to  the 
back  surface  of  the  sapphire  window. 

Intensity  fluctuations  in  the  energy  profile  of 
the  laser  beam  are  inherent  in  the  laser  system 
that  was  available  for  this  study.  Attempts  were 
made  in  the  early  stages  of  the  program  to  im¬ 
prove  the  uniformity  and  reproducibility  of  speci¬ 
men  response  to  the  laser  beam,  but  the  improve¬ 
ments  were  marginal.  The  best  and  most 
consistent  beam  uniformity  was  obtained  by  fo¬ 
cusing  the  beam  to  a  small  diameter.  The  smallest 
beam  diameter  considered  to  be  acceptable  for 
SIMS  and  metallographic  analysis  was  3.2  mm. 
Alignment  of  the  laser  system  was  critical  and  was 
checked  repeatedly  during  the  program. 

To  conduct  an  experiment,  we  inserted  a 
specimen  into  the  specimen  holder  and  clamped  it 
with  three  point-contact  set  screws.  The  thermo¬ 
couple  leads  from  the  back  of  the  specimen  were 
attached  to  a  feed-through  connector  in  the  speci¬ 
men  holder  assembly,  and  the  assembly  was  in¬ 
serted  into  the  rear  port  of  the  pressure  chamber 
and  tightened  to  seal  the  system.  The  exterior 
feed-through  wires  were  connected  in  differential 
mode  to  a  dc  amplifier.  The  amplifier  output  was 
connected  to  a  digital  oscilloscope.  A  cable  was 
connected  from  the  capacitor  bank  of  the  laser 
power  supply  to  the  oscilloscope  to  act  as  a  trig¬ 
ger.  The  appropriate  gas  bottle  was  connected  to 
the  pressure-vessel  inlet  manifold,  and  the  cham¬ 
ber  was  pressurized  and  emptied  several  times  to 
minimize  air  contamination.  The  gas  pressure  was 
controlled  with  a  regulator  and  montiored  with  a 
pressure  transducer.  Once  the  proper  pressure 
was  achieved,  the  oscilloscope  was  armed,  the  ca¬ 
pacitor  banks  were  charged,  and  the  laser  was 
fired. 

The  time-temperature  curve  obtained  from 
the  back-surface  thermocouple  output  was  col¬ 
lected  by  a  digital  oscilloscope  and  stored  on  a 
soft  magnetic  disk.  The  energy  output  of  the  laser 
was  measured  by  the  calibrated  calorimeter, 
which  was  sensitive  to  the  1.06-^m  wavelength  of 


the  neodvmium  glass  laser.  The  energv  absorbed 
by  the  sample  and  the  absorption  coefficient  were 
calculated  from  from  the  sample's  back -surface 
temperature  rise. 

SIMS  Analysis 

Surface  reaction  products  that  form  within 
the  short  time  frame  of  a  laser  pulse  were  not  ex¬ 
pected  to  be  extensive,  and  the  detection  and 
analysis  of  these  products  were  suspected  to  re¬ 
quire  highly  sensitive  surface  analytical  tech¬ 
niques.  Both  Auger  electron  spectroscopy  (AES) 
and  secondary  ion  mass  spectroscopy  (SIMS) 
were  considered.  AES  is  extremely  sensitive  for 
the  analysis  of  thin  surface  films,  and  in  situ  ion 
milling  in  an  Auger  instrument  can  be  used  to  de¬ 
termine  the  relative  concentrations  of  elements  as 
a  function  of  depth  below'  the  surface.  With  ap¬ 
propriate  standards,  these  depth  profiles  can  per¬ 
mit  quantitative  analyses  of  the  amounts  of  reac¬ 
tants  introduced  into  a  substrate.  SIMS  involves 
the  continuous  removal  of  material  from  a  surface 
with  an  ion  beam  and,  therefore,  is  not  as  ideal  for 
surface  analysis  as  AES.  However,  the  rate  of  ma¬ 
terial  removal  in  SIMS  is  much  greater  than  in 
AES,  and  SIMS  is  more  ideal  for  depth-profile 
analysis  than  AES.  In  addition,  SIMS  is  much 
more  sensitive  than  AES  for  the  analysis  of  low 
concentrations  of  most  elements.  Since  the  depth 
of  penetration  of  low  concentrations  of  reactive 
species  was  of  more  interest  than  reaction  prod¬ 
ucts  formed  on  the  surface,  chemical  composition 
changes  were  monitored  by  SIMS. 

The  SIMS  analyses  for  this  portion  of  the 
study  were  performed  with  CAMECA  IMS-3f  in¬ 
struments.  Initially,  both  Cs+  and  02+  primary  ion 
beams  were  used,  but  the  Cs+  ion  beam  was 
found  to  be  most  suitable  for  the  analysis  of  inter¬ 
stitial  elements.  The  Cs+  ion  beam  yields  better 
sensitivity  for  elements  with  higher  electron  affin¬ 
ities,  and  it  is  used  primarily  for  electropositive 
elements;  these  include  hydrogen,  carbon,  oxy¬ 
gen,  and  silicon.  The  02+  ion  beam  yields  better 
sensitivity  for  elements  with  low  ionization  poten¬ 
tials,  and  it  is  used  for  the  electronegative  or  me¬ 
tallic  elements.  Unfortunately,  nitrogen  has  both  a 
very  low  electron  affinity  and  a  high  ionization 
potential  and  is  one  of  the  more  difficult  elements 
to  analyze  with  SIMS.  Depth  profiles  obtained  for 
14N  using  a  primary  02  beam  appeared  to  be  in¬ 
sensitive  to  the  nitrogen  concentration.  However, 
useful  information  on  nitrogen  concentration  gra¬ 
dients  has  been  generated  by  analyzing  for  molec¬ 
ular  combinations  of  nitrogen  with  carbon  and 
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iron  using  a  primary  Cs '  beam.  Thus,  mass  iso¬ 
topes  26  (|:C  +  14N)  and  70  (*Fe  +  l4N)  were 
used  to  monitor  changes  in  the  nitrogen  con¬ 
centration.  Some  precaution  has  to  be  used,  how¬ 
ever,  because  mass  isotopes  26  and  70  are  subject 
to  interferences  with  other  molecular  combina¬ 
tions  (e.g.,  I0B  +  1bO,  i:C,  +  'H„  ?4Fe  +  lf,0,  and 
wFe  +  >-C). 

Problems  associated  with  the  use  of  SIMS  for 
generating  depth  concentration  profiles  have  been 
reviewed  by  Zinner,'1  and  many  of  these  problems 
were  encountered  in  this  study.  One  of  the  prob¬ 
lems  was  that  high  sputtering  rates  were  required 
to  penetrate  the  layer  of  material  affected  bv  the 
laser  beam  in  reasonable  times.  The  sputtering 
rates  were  on  the  order  of  0.05  (im/s.  Although 
the  required  penetration  was  achieved,  the  sur¬ 
faces  of  the  craters  generated  by  the  high  sputter¬ 
ing  rates  were  quite  rough.  This  compromised  the 
accuracy  of  the  depth  calibration,  but  most  pro¬ 
files  corresponded  remarkably  well  to  reaction 
depth  measurements  obtained  from  the  metallo- 
graphic  cross  sections.  Additional  problems  were 
encountered  with  the  topography  of  the  laser- 
pulsed  surfaces,  redeposition  of  sputtered  mate¬ 
rial,  and  contamination.  When  melting  occurred 
during  laser  pulsing,  the  surface  became  rough 
and  uneven  and  occasionally  affected  the  relative 
intensities  of  some  of  the  profiles.  This  condition 
usually  was  obvious  and  could  be  corrected  at 
least  partially  with  a  normalization  technique. 
Redeposition  of  sputtered  material  that  collects  on 
the  aperture  system  of  the  instrument  also  can  al¬ 
ter  the  shape  of  the  profile  and  falsely  increase  the 
apparent  depth  of  reaction  indicated  by  the  pro¬ 
file.  This  problem  is  somewhat  more  difficult  to 
recognize.  Both  of  these  problems  can  be  circum¬ 
vented  to  some  extent  by  conducting  step-scan 
profiles  on  metallographic  cross  sections  through 
the  affected  surface  layer,  but  the  combination  of 
edge  effects  and  the  limited  depth  of  the  layers 
precluded  this.  In  addition,  residual  contamina¬ 
tion  can  be  caused  by  gases  absorbed  onto  the 
surface  of  the  specimen  and  residual  gases  still 
present  during  the  recovery  period  of  the  ultra  - 
high-vacuum  system  after  a  specimen  change. 
This  tends  to  produce  slightly  higher  profiles  of 
carbon,  oxygen,  and  hydrogen,  particularly  in  the 
initial  portions  of  the  profiles.  Once  this  problem 


was  recognized,  it  was  minimized  bv  allowing 
sufficient  time  for  the  vacuum  system  to  recover. 

Metallography 

Upon  completion  of  the  SIMS  analyses,  SFM 
examinations  were  conducted  on  the  surfaces  of 
the  exposed  areas  to  determine  whether  the  domi¬ 
nant  damage  mechanism  was  deformation,  re- 
crystallization,  or  melting.  Optical  metallographic 
examinations  were  then  conducted  on  polished 
and  etched  cross  sections  taken  normal  to  the  ex¬ 
posed  surfaces  to  generate  information  on  the 
depth  of  microstructura!  changes  induced  by  laser 
pulsing. 

To  prepare  the  specimens  for  metallographic 
examinations,  we  sectioned  them  through  the 
centers  of  the  laser-impacted  regions.  A  low- 
speed  diamond  cut-off  wheel  was  used  to  mini¬ 
mize  cutting  damage.  The  sections  were  cut  nor¬ 
mal  to  the  laser-impacted  surfaces  so  that  the 
structural  changes  from  the  surface  into  the  bulk 
could  be  examined.  The  specimens  were  mounted 
and  ground  on  conventional  silicon  carbide  pa¬ 
pers,  polished  sequentially  with  l-/jm  and  then 
l/4-/um  diamond  compounds  on  a  vibratory  pol¬ 
isher,  and  final-polished  on  a  conventional  pol¬ 
ishing  wheel  with  aluminum  oxide.  A  2%  Nital 
etch  was  used  to  reveal  the  structure.  Many  of  the 
specimens  were  over-etched  to  reveal  the  struc¬ 
ture  of  the  as-quenched  martensite. 

Coating  Experiments 

AISI  4340  steel  specimens  were  plated  with 
tungsten  using  chemical  vapor  deposition  (CVD) 
for  the  reduction  of  WFh  with  hydrogen.  The  tech¬ 
nique  is  described  in  greater  detail  in  the  previous 
publication.1  Since  tungsten  does  not  adhere  to 
iron  in  the  presence  of  the  fluoride,1  an  intermedi¬ 
ate  coating  of  electroplated  nickel  was  used. 
Nickel  thicknesses  of  2,  6,  and  10  /urn  were  applied 
in  an  attempt  to  duplicate  the  previous  results, 
which  indicated  that  the  sensitivity  of  tungsten  to 
cracking  was  affected  by  the  thickness  of  the 
nickel.  A  nominal  250-^m  CVD  tungsten  deposit 
was  applied  over  the  nickel.  The  surfaces  of  the 
tungsten  deposits  were  ground  through  600-grit 
silicon  carbide  paper  to  provide  a  uniform  surface 
condition  for  laser  pulsing. 
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Results  for  Iron  and  AISI  4340  Steel  Specimens 


The  iron  and  AISI  4340  steel  specimens  ex¬ 
posed  for  these  experiments  are  listed  in  Table  3. 
Included  in  the  table  are  the  average  beam  energy 
for  the  total  number  of  pulses  applied  to  the  speci¬ 
men  and  the  average  beam  energy  absorbed  by 
the  specimen. 


Visual  Observations 

Optical  macrographs  of  the  laser-pulsed  re¬ 
gions  are  presented  in  Figs.  2  through  7.  Pure  iron 
specimens  are  shown  in  Figs.  2  through  6,  and 
AISI  4340  steel  specimens  are  shown  in  Fig.  7. 


Pure  Iron  Specimens 

Figure  2  shows  the  difference  in  surface  dam¬ 
age  on  pure  iron  specimens  that  were  laser-pulsed 
with  different  beam  energies  in  argon  at  130  psi. 
Figure  2a  is  from  Iron  A,*  which  was  pulsed  with 
a  10-J  beam,  and  Fig.  2b  is  from  Iron  B,  which  was 
pulsed  with  a  40- 1  beam.  Inhomogeneity  of  the 
laser  beam  is  evident  in  Fig.  2a,  but  specimen  re¬ 
sponse  became  more  uniform  as  the  beam  energy 
increased.  The  energy  at  the  center  of  the  beam 
was  sufficiently  high  to  cause  localized  melting. 

*  Specimen  identities  are  presented  in  Table 


Table  3.  Experiments  conducted  in  the  laser  pressure-chamber  system  on  high-purity  iron  and 
AISI  4340  steel. 


Sample 

Gas 

Iron  40 

10%  CHj/Ar 

Iron  43 

10%  CH4/Ar 

Iron  50 

10%  CH4/ Ar 

Iron  51 

10%  CH4/Ar 

Iron  52 

10%  CH4/Ar 

Iron  53 

10%  CH4/Ar 

Iron  54 

10%  CH4/Ar 

Iron  55 

10%  CH4/Ar 

Iron  58 

CO  99.99% 

Iron  59 

CO  99.997o 

Iron  60 

N2  99.9995% 

Iron  61 

N2  99.9995% 

Iron  62 

NHj  99.998% 

Iron  63 

NH,  99.998% 

Iron  68 

Air 

Iron  69 

Air 

Iron  70 

10%  CH4/Ar 

Iron  A 

Ar  99.999% 

Iron  B 

Ar  99.999% 

4340  A 

Ar  99.999% 

4340  B 

Ar  99.999% 

4340  40 

10%  CH4/Ar 

4340  41 

10%  CH4/Ar 

4340  42 

10%  CH4/Ar 

4340  43 

10%  CH4/Ar 

4340  50 

10%  CH4/Ar 

4340  51 

10%  CH4/Ar 

4340  52 

10%  CH4/Ar 

Pressure 

(psi) 


Average 
energy  ( J> 


Energy 
absorbed  (%  > 


*  The  energy 
b  The  energy 


absorbed  varied  from  32%  on  the  first  pulse  to  54%  on  the  tenth  pulse, 
absorbed  varied  from  34%  on  the  first  pulse  to  43%  on  the  tenth  pulse. 


(a)  Iron  A,  10  pulses  at  10  J.  (b)  Iron  B,  10  pulses  at  40  J. 

Fig.  2.  Laser-affected  regions  on  the  surfaces  of  pure  iron  specimens  laser-pulsed  in  argon  at 
150  psi  (10  X). 


Some  of  the  small  spots  outside  of  the  central 
melted  region  were  caused  by  preferential  re¬ 
sponse  of  inclusions.  Slight  discoloration  was  visi¬ 
ble  around  the  edges  of  the  laser-impacted  region. 
This  probably  was  a  thin  reaction  film  caused  by 
contamination  of  residual  air  or  water  vapor. 
Figure  2b  shows  the  surface  roughness  resulting 
from  the  increased  beam  energy.  A  crater  formed 
at  the  center  of  the  laser-impacted  region  where 
the  beam  energy  density  was  sufficiently  high  to 
cause  surface  melting. 

Figure  3  compares  the  laser-affected  regions 
of  pure  iron  specimens  which  received  different 
numbers  of  pulses  in  10%  methane/argon  at 
150  psi.  The  energy  of  the  laser  beam  was  40  J  for 
these  experiments.  Figure  3a  is  from  Iron  50, 
which  received  1  pulse.  Fig.  3b  is  from  Iron  51, 
which  received  2  pulses.  Fig.  3c  is  from  Iron  52, 
which  received  5  pulses,  and  Fig.  3d  is  from 
Iron  55,  which  received  50  pulses.  These  figures 
show  the  increase  in  damage  that  accumulated  as 
the  number  of  pulses  increased,  particularly 
around  the  periphery  of  the  region  where  the  en¬ 
ergy  density  of  the  beam  was  lower.  They  also 
show  that  the  first  few  pulses  caused  a  slight  in¬ 
crease  in  the  depth  of  the  crater  that  formed  in  the 
melted  region,  but  then  the  crater  depth  remained 
essentially  constant.  The  dark  spots  at  two  posi¬ 
tions  in  the  melted  region  of  Fig.  3d  and  the  single 
dark  spot  outside  of  the  laser-affected  region  are 
craters  generated  by  the  primary  ion  beam  of  the 


SIMS  instrument.  As  in  the  argon  experiments, 
some  evidence  of  film  formation  was  evident 
around  the  edges  of  the  laser-affected  regions, 
and  the  surface  darkened  as  the  number  of  shots 
increased. 

Pure  iron  specimens  that  were  laser-pulsed  in 
10%  methane/argon  and  carbon  monoxide  are 
compared  in  Fig.  4a  from  Iron  53  pulsed  in  10% 
methane/argon  and  in  Fig.  4b  from  Iron  59  pulsed 
in  carbon  monoxide.  Both  specimens  received  10 
pulses  with  a  40-1  beam.  The  laser-affected  region 
of  Iron  59  in  Fig.  4b  is  much  darker  than  that  of 
Iron  53  in  Fig.  4a.  As  will  be  shown  in  the  results 
from  the  SIMS  analyses,  this  could  be  related  to  a 
significant  increase  in  the  subsurface  oxygen  con¬ 
centration  of  the  specimen  pulsed  in  carbon  mon¬ 
oxide.  Again,  the  large  dark  spots  in  these  figures 
are  the  positions  at  which  SIMS  analyses  were 
made. 

Specimens  laser-pulsed  in  nitrogen  and  am¬ 
monia  are  shown  in  Figs.  5a  and  5b,  respectively. 
Both  specimens  received  10  pulses  with  a  40-J 
beam.  Iron  61  in  Fig.  5a  was  pulsed  at  150  psi  in 
nitrogen.  Because  of  the  condensation  problem  of 
ammonia  at  high  pressures,  Iron  63  was  pulsed  at 
only  100  psi  in  ammonia.  The  morphology  of  both 
regions  appeared  to  be  very  similar,  but  Iron  61 
(pulsed  in  nitrogen)  appeared  to  have  more  dam¬ 
age  around  the  periphery  of  the  laser-affected  re¬ 
gion  than  Iron  63  (pulsed  in  ammonia).  Positions 
of  5IM5  analyses  also  are  evident  in  these  figures. 


(a)  Iron  53  pulsed  in  10%  methane/argon. 


(b)  Iron  59  pulsed  in  carbon  monoxide. 


Fig.  4.  Comparison  of  the  laser-affected  regions  on  pure  iron  pulsed  with  a  40-)  beam  in 
10%methane/argon  and  carbon  monoxide  at  150  psi  for  10  pulses  (10X). 


Specimens  that  received  10  pulses  in  air  at 
15  psi  are  shown  in  Fig.  6.  Figure  6a  is  from 
Iron  68,  which  was  pulsed  with  a  10-J  beam,  and 
Fig.  6b  is  from  Iron  69,  which  was  pulsed  with  a 
40-J  beam.  The  heavy  oxide  film  that  formed  on 
these  specimens  is  evident  in  the  figures.  Refer¬ 
ence  to  the  energy  absorbed  in  Table  3  shows  that 
formation  of  the  oxide  films  caused  a  substantial 
increase  in  energy  coupling  between  the  laser 
beam  and  the  oxidized  specimens  as  the  film 
formed  during  the  first  few  pulses.  This  was 
unique  to  specimens  laser-pulsed  in  air. 

When  the  laser-pulsed  surfaces  were  exam¬ 
ined  at  high  magnification,  the  first  regions  to  ex¬ 
hibit  damage  had  wavy  slip  lines,  indicating  that 
plastic  deformation  had  occurred.  As  the  energy 
of  the  laser  beam  increased,  the  damaged  struc¬ 
tures  that  occurred,  in  sequence,  were  recrystalli¬ 
zation  of  the  cold-worked  structure,  recrystalliza¬ 
tion  and  martensite  formation,  and  surface 
melting.  Evidence  of  fine  grains  with  a  superim¬ 
posed  martensitic  structure  could  be  seen  in  the 
melted  regions.  These  structures  will  be  described 
in  greater  detail  in  the  following  sections. 

AISI  4340  Steel  Specimens 

AISI  4340  steel  specimens  that  were  pulsed  in 
argon  and  10%  methane/argon  at  150  psi  are 
shown  in  Fig.  7.  Sample  4340  A  in  Fig  7a  received 
10  pulses  in  argon  with  a  10-J  beam,  4340  B  in 


Fig.  7b  received  10  pulses  in  argon  with  a  40-J 
beam,  4340  50  in  Fig.  7c  received  1  pulse  in  10% 
methane/argon  with  a  40-J  beam,  and  4340  43  in 
Fig.  7d  received  10  pulses  in  10%  methane/argon 
with  a  40-J  beam.  The  laser-affected  regions  ap¬ 
peared  to  be  similar  to  those  formed  in  the  pure 
iron  specimens.  However,  when  the  specimens 
were  examined  at  high  magnification,  plastic 
deformation  and  recrystallization  were  not  ob¬ 
served  in  the  AISI  4340  specimens. 

SIMS  Analyses 

Pure  Iron  Specimens 

The  laser-impacted  specimens  were  analyzed 
with  the  Cs+  primary  ion  beam  for  mass  isotopes 
'H,  ,:C,  lhO,  28Si,  ,4S,  and  ShFe.  In  addition, 
analyses  were  conducted  for  mass  isotope  UB  in 
some  of  the  specimens.  The  depth-concentration 
profiles  were  normalized  to  '’6Fe  equivalence.  This 
was  an  attempt  to  compensate  for  intensity  drift 
caused  by  the  depth  of  the  SIMS  craters  formed 
by  the  primary  beam,  surface  roughness  caused 
by  surface  melting,  and  drift  in  the  primary  beam 
current.  It  was  effected  by  arbitrarily  plotting  the 
8hFe  data  along  a  straight  line  at  a  fixed  intensity 
level  and  appropriately  adjusting  the  other  inten¬ 
sity  data  by  the  relative  amount  required  to  shift 
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(a)  4340  A,  10  pulses  in  argon  at  10  J. 


(b)  4340  B,  10  pulses  in  argon  at  40  J. 


(c)  4340  50, 1  pulse  in  10%  methane/argon  at  (d)  4340  43, 10  pulses  in  10%  methane/argon  at 

40  J.  40  J. 

Fig.  7.  Laser-affected  regions  on  AISI  4340  steel  specimens  pulsed  in  argon  and  10% 
methane/argon  at  150  psi  (10X). 
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the  ^Fe  data.  This  is  only  an  approximate  correc¬ 
tion,  however,  since  the  relative  ion-extraction  ef¬ 
ficiencies  also  can  be  affected  by  concentration 
changes. 

SIMS  depth  profiles  were  taken  both  outside 
of  and  within  the  laser-affected  regions,  so  that 
compositional  changes  induced  by  the  laser  beam 
could  be  compared  with  the  unexposed  compo¬ 
sition  of  the  base  material.  As  already  mentioned, 
many  of  the  areas  analyzed  by  SIMS  are  visible  in 
Figs.  2  through  7.  Variations  did  occur  in  the  rela¬ 
tive  intensities  of  the  profiles  from  the  base  mate¬ 
rial  of  different  specimens,  and  this  appeared  to 
reflect  actual  composition  differences  in  the  ppm 
range.  However,  contamination  also  could  have 
contributed  to  this  difference.  As  stated  previ¬ 
ously,  the  contamination  probably  was  caused 
both  by  absorbed  gases  on  the  specimen  and  re¬ 
sidual  gases  still  present  during  the  recovery  pe¬ 
riod  of  the  ultrahigh-vacuum  system.  This  prob¬ 
lem  was  not  recognized  in  the  initial  phases  of 
this  study.  Once  it  was  recognized,  it  was  mini¬ 
mized  by  allowing  sufficient  time  for  the  vacuum 
system  to  recover. 

Argon.  The  specimens  laser-pulsed  in  argon 
at  150  psi  demonstrated  the  effect  of  contamina¬ 
tion  in  the  pressure  chamber  and  also  provided  an 
initial  basis  for  comparison.  Depth  profiles  from 
the  unexposed  and  the  laser-pulsed  regions  of 
Iron  A,  which  was  pulsed  at  10  J,  are  shown  in 
Figs.  8a  and  8b,  respectively;  corresponding  depth 
profiles  from  Iron  B,  which  was  pulsed  at  40  J,  are 
shown  in  Figs.  8c  and  8d,  respectively.  Compari¬ 
son  of  these  depth  profiles  shows  that  laser-puls¬ 
ing  in  argon  significantly  increased  the  oxygen 
concentration  in  the  melted  regions.  The  profiles 
indicate  that  the  oxidation  reaction  occurred  to  a 
depth  of  about  20  in  Iron  A,  which  was  pulsed 
with  a  10-J  beam,  and  to  a  depth  of  about  80  in 
Iron  B,  which  was  pulsed  with  a  40-J  beam.  An¬ 
other  significant  reaction  is  demonstrated  in  these 
figures:  whenever  strong  oxidation  occurred  in  the 
absence  of  carburization,  a  noticeable  but  slight 
amount  of  decarburization  occurred. 

The  rapid  intensity  fluctuations  in  the  ,2C  and 
l60  profiles  in  Figs.  8a  and  8c  were  much  greater 
than  the  instrument  noise  level  and  were  consis¬ 
tently  observed  in  the  base  material  of  the  pure 
iron.  Corresponding  intensity  flucutations  also  oc¬ 
curred  in  the  mass  isotope  26  and  70  profiles. 
These  fluctuations  disappeared  in  the  laser-pulsed 
regions  whenever  surface  melting  occurred.  This 
is  demonstrated  by  the  smooth  concentration  pro¬ 
files  of  carbon  and  oxygen  in  the  laser-affected 
regions  of  Figs.  8b  and  8d.  Thus,  these  fluctua¬ 


tions  appeared  to  be  uniquely  related  to  the  cold- 
worked  structure,  and  their  absence  provided  an 
indication  of  the  depth  to  which  carbon  and  oxy¬ 
gen  were  homogeneously  redistributed  into  solu¬ 
tion,  apparently  by  surface  melting  and  rapid 
cooling.  Further  significance  of  these  fluctuations 
is  discussed  in  Appendix  3. 

The  profiles  for  mass  isotopes  26  and  70  in 
Fig.  8b  show  increases  near  the  surface  nearly 
identical  to  the  lhO  profile.  In  contrast,  the  profile 
for  mass  isotope  70  in  Fig.  8d  shows  significantly 
less  increase  near  the  surface  than  the  lhO  profile, 
while  the  mass  isotope  26  profile  actually  shows  a 
slight  decrease  that  is  very  similar  to  the  l2C  pro¬ 
file.  This  implies  that  nitrogen  contamination  oc¬ 
curred  during  the  pulsing  of  Iron  A  but  was  ab¬ 
sent  during  the  pulsing  of  Iron  B.  Consequently, 
the  major  source  of  oxygen  could  have  been  air 
contamination  in  Iron  A  and  residual  water  vapor 
in  Iron  B.  This  reflects  some  difficulty  in  purging 
the  pressure  chamber.  The  'H  profiles  in  these 
specimens  did  not  appear  to  be  affected  by  laser¬ 
pulsing. 

10%  Methane/Argon.  Depth  profiles  from 
specimens  laser-pulsed  in  10%  methane/argon  at 
150  psi  with  a  nominal  beam  energy  of  40  J  are 
shown  in  Fig.  9.  Figure  9a  was  obtained  from 
Iron  50,  which  received  only  1  pulse.  Fig.  9b  from 
Iron  52,  which  received  5  pulses,  Fig.  9c  from 
Iron  53,  which  received  10  pulses,  and  Fig  9d  from 
Iron  55,  which  received  50  pulses.  These  figures 
demonstrate  that  significant  increases  did  occur  in 
the  carbon  content  as  the  number  of  pulses  in¬ 
creased,  although  the  exact  quantitative  amounts 
remain  to  be  determined  because  of  the  lack  of 
standards.  Comparison  with  depth  profiles  from 
the  AISI  4340  specimens  indicated  that  the  maxi¬ 
mum  carbon  level  reached  in  these  figures  was 
approximately  0.40%.  The  flat  12C  profile 
projecting  from  the  surface  of  Iron  55  in  Fig.  9d 
could  indicate  that  saturation  occurred.  If  this  is 
true,  the  resultant  carbon  content  may  correspond 
to  a  quasi-equilibrium  value  for  these  specific 
conditions. 

The  oxygen  content  also  increased  slightly  in 
Figs.  9a  through  9d  as  the  number  of  pulses  in¬ 
creased.  This  corresponds  with  the  increased 
darkening  of  the  laser-pulsed  surfaces  shown  in 
Figs.  3a  through  3d.  As  discussed  in  the  argon  ex¬ 
periments,  this  is  suspected  to  be  caused  by  trace 
amounts  of  water  vapor  and/or  air  in  the  pres¬ 
sure-chamber  system.  Although  the  mass  iso¬ 
tope  70  profile  had  not  been  entered  into  the  pro¬ 
gram  at  the  time  that  Iron  53  and  Iron  55  were 
analyzed,  the  profiles  for  mass  isotopes  26  and  70 


in  Figs.  9b  through  9d  show  increases  near  the 
surfaces  similar  to  both  the  12C  and  “’O  profiles. 
The  'H  profiles  also  appeared  to  increase  slightly 
near  the  surfaces,  but  did  not  consistently  corre¬ 
spond  with  the  increase  in  the  lfcO  profiles.  The 
actual  increase  in  hydrogen  contamination  is  not 
suspected  to  be  significant. 

Depth  profiles  obtained  from  pure  iron  speci¬ 
mens  laser-pulsed  at  different  gas  pressures  and 
beam  energies  in  10%  methane/argon  are  com¬ 
pared  in  Fig.  10.  Each  specimen  received  10  laser 
pulses.  Figures  10a  and  10b  are  from  Iron  70 
which  was  pulsed  at  15  psi  with  a  nominal  beam 
energy  of  40  J.  Figure  10a  is  from  the  center  of  the 
pulsed  region  and  indicates  that  the  damaged  re¬ 
gion  extended  only  a  few  micrometers  in  depth. 
Figure  10b  is  from  the  rim  of  the  pulsed  region 
and  shows  significant  carbon  pickup  to  a  depth  of 
about  20  urn.  This  strongly  implies  that  the  energy 
of  the  laser  beam  was  sufficient  to  either  soften  or 
melt  the  surface  material,  and  the  pressure  gener¬ 
ated  during  the  laser  pulse  extruded  the  metal 
from  the  center  of  the  impacted  region  to  form  the 
rim.  Similar  laser-induced  reactions  have  been 
discussed  by  Anthony  and  Cline.4  This  type  of 
crater  formation  could  be  suggestive  of  an  impor¬ 
tant  erosion/corrosion  mechanism  involving  the 
extrusion  of  softened  or  molten  material  by  a 
pulse  of  high-pressure  gas. 

Depth  profiles  from  specimens  pulsed  at 
150  psi  are  shown  in  Figs.  10c  and  lOd.  Figure  10c 
is  from  Iron  40,  which  was  pulsed  with  a  10- 
J  beam,  and  Fig.  lOd  is  from  Iron  43,  which  was 
pulsed  with  a  40-J  beam.  Comparison  of  the  depth 
profiles  in  Fig.  10  demonstrates  the  systematic  re¬ 
sponse  that  was  obtained  by  varying  gas  pressure 
and  beam  energy.  The  depth  of  carbon  penetra¬ 
tion  increased  with  increasing  beam  energy  and 
with  increasing  pressure.  In  contrast,  macroscopic 
observations  indicated  that  the  crater  depth  de¬ 
creased  with  increasing  pressure. 

Iron  43  in  Fig.  lOd  and  Iron  53  in  Fig.  9c  are 
duplicate  specimens.  The  depths  of  carbon  pene¬ 
tration  indicated  in  Figs.  9c  and  lOd  are  nearly 
identical.  This  demonstrates  the  reproducibility  of 
the  laser  pressure-chamber  system.  The  higher 
l2C  profile  in  Fig.  lOd  is  suspected  to  be  related  to 
surface  roughness  and  is  not  considered  to  be 
significant. 

Carbon  Monoxide.  The  results  from  laser¬ 
pulsing  in  carbon  monoxide  were  somewhat  un¬ 
expected  and  provide  an  interesting  comparison 
of  the  carburization  reactions  in  carbon  monoxide 
and  in  10%  methane/argon.  Iron  59  received 
10  pulses  in  carbon  monoxide  at  150  psi  with  a 


beam  energy  of  40  J.  The  depth  profile  from  this 
specimen  is  shown  in  Fig.  11.  The  significant  in¬ 
crease  in  the  oxygen  concentration  in  comparison 
with  that  in  specimens  pulsed  in  10% 
methane/argon  is  obvious  in  the  figure,  and  the 
amount  of  carburization  also  is  noticeably  less. 
Figure  11  also  shows  an  increase  in  the  mass  iso¬ 
tope  26  profile  comparable  to  those  in  specimens 
pulsed  in  10%  methane/argon.  This  suggests  that 
air  contamination  did  not  contribute  to  the  in¬ 
creased  oxygen  concentration  evident  in  Fig.  11. 
One  further  observation  from  Fig.  11  concerns  the 
flatness  of  the  l2C  and  lhO  profiles  progressing 
from  the  surface  of  Iron  59.  This  may  indicate  that 
saturation  occurs  at  an  earlier  stage  in  carbon 
monoxide  than  in  10%  methane/argon. 

Nitriding.  As  already  discussed,  SIMS 
analyses  of  specimens  laser-pulsed  in  nitriding 
environments  were  not  unambiguous  because  of 
the  difficulty  in  analyzing  for  nitrogen  by  SIMS. 
Depth  profiles  from  Iron  61  and  Iron  63  generated 
with  a  primary  Cs+  beam  are  shown  in  Figs.  12a 
and  12b,  respectively.  Iron  61  received  10  pulses  in 
nitrogen  at  150  psi  with  a  nominal  beam  energy  of 
40  J,  and  Iron  63  received  10  pulses  in  ammonia  at 
100  psi  also  at  40  J.  These  profiles  were  generated 
in  the  early  stages  of  the  SIMS  work,  and  mass 
isotope  70  was  not  profiled  because  of  the  inter¬ 
ference  between  S6Fe  +  l4N  and  ,4Fe  +  ,f>0. 

The  profile  for  mass  isotope  26  in  Fig.  12a 
shows  a  substantial  increase  near  the  surface.  The 
profile  for  160  also  shows  an  increase,  but  com¬ 
parison  with  the  profiles  obtained  for  the  speci¬ 
mens  pulsed  in  argon  in  Figs.  8b  and  8d  indicate 
that  the  relative  increase  in  the  mass  isotope  26 
profile  is  much  greater  in  Fig.  12a.  This  strongly 
indicates  that  the  increase  is  related  to  nitrogen, 
particularly  since  the  12C  profile  shows  a  slight 
decrease  in  the  same  region.  The  profiles  indicate 
that  the  depth  of  nitrogen  penetration  was  about 
40  nm. 

Problems  associated  with  the  condensation  of 
the  ammonia  gas  at  pressures  over  100  psi  appear 
to  be  reflected  in  the  depth  profile  from  Iron  63  in 
Fig.  12b.  The  l60  profile  is  anomalously  high;  this 
probably  was  caused  by  absorption  of  water  va¬ 
por  in  the  ammonia.  The  'H  profile  also  increases 
substantially  near  the  surface.  This  could  be  asso¬ 
ciated  with  the  dissociation  of  ammonia  into  ni¬ 
trogen  and  hydrogen  (cf.  nitriding  reactions  in 
Appendix  1).  The  profile  for  mass  isotope  26  also 
increased  near  the  surface,  but  not  to  the  extent  it 
did  in  the  nitrogen  experiment  in  Fig.  12a.  The 
profiles  indicate  that  nitrogen  penetrated  to  a 
depth  of  20  to  30  jim  and  hydrogen  penetrated  to 
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Fig.  11.  SIMS  depth  profile  from  Iron  59  ex¬ 
posed  for  10  pulses  in  carbon  monoxide  at 
150  psi  with  a  40-J  beam. 
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(a)  Iron  61,  nitrogen,  10  pulses,  150  psi,  40-J  (b)  Iron  63,  ammonia,  10  pulses,  100  psi,  40-J 
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Fig.  12.  SIMS  depth  profiles  in  pure  iron  specimens  laser-pulsed  in  nitriding  gases. 
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a  depth  of  about  60  ^m.  This  is  consistent  with  the 
higher  diffusivitv  of  hydrogen  than  nitrogen  in 
iron. 

AISI  4340  Steel  Specimens 

Depth  profiles  obtained  from  some  of  the 
AISI  4340  steel  specimens  are  presented  in  Fig.  13. 
These  specimens  were  tested  at  150  psi  with  a 
nominal  beam  energy  of  40  J.  As  in  the  previous 
depth  profiles,  the  AISI  4340  profiles  were  nor¬ 
malized  to  56Fe  equivalence.  In  addition  to  the 
mass  isotopes  analyzed  in  the  pure  iron  speci¬ 
mens,  depth  profiles  were  obtained  in  the 
AISI  4340  steel  specimens  for  nB  and  35C1. 
Figures  13a  and  13b  were  obtained  from  4340  50, 
which  received  one  pulse  in  10%  methane/argon. 
Figure  13a  represents  the  composition  of  the  unaf¬ 
fected  base  material  outside  of  the  laser-pulsed  re¬ 
gion.  As  listed  in  Table  2,  the  carbon  content  of 
this  material  was  reported  to  be  0.42  wt%.  This 
provides  a  calibration  point  for  carbon.  The  cali¬ 
bration  is  tentative  for  the  pure  iron  specimens, 
however,  since  the  alloy  content  of  AISI  4340 
could  modify  the  ion-extraction  efficiency  of 
carbon. 

The  depth  profile  from  the  center  of  the  laser- 
pulsed  region  of  4340  50  is  shown  in  Fig  13b.  The 
l2C  profile  is  slightly  higher  than  in  Fig.  13a,  but 
this  probably  is  related  to  surface  roughness  A 
significant  increase  in  carbon  content  did  not  oc 
cur  in  this  specimen.  Figure  13c  is  from  the  center 
of  the  laser-pulsed  region  in  4340  43.  which  re 
ceived  10  pulses  in  10%  methane/argon  The  i:C 
profile  increased  slightly  at  the  surface.  Figure  13d 
shows  the  depth  profile  for  4340  B,  which  received 
10  pulses  in  argon.  The  l2C  profile  in  this  figure  is 
slightly  lower  than  the  l2C  profile  in  Fig.  13a,  but 
again  not  by  a  significant  amount.  The  fact  that 
laser-pulsing  AISI  4340  steel  in  10% 
methane/argon  did  not  cause  a  significant  in¬ 
crease  in  the  carbon  content  indicates  that  the 
maximum  carburization  potential  of  10% 
methane/argon  is  about  or  slightly  below 
0.40  wt%  carbon  for  these  experimental 
conditions. 

The  most  obvious  change  in  the  depth  pro¬ 
files  in  Figs.  13b  through  13d  is  the  significant  in¬ 
crease  in  the  160  profiles  near  the  surfaces.  The 
large  peaks  occurring  in  the  160  profiles  probably 
are  related  to  oxygen-bearing  inclusions,  which 
commonly  occur  in  these  steels.  The  large  in¬ 
creases  in  the  'H  profiles  near  the  surfaces  in 
Figs.  13b  and  13d  are  considered  to  indicate  inade¬ 
quate  recovery  of  the  instrument  vacuum  prior  to 
initiating  the  profiles.  This  also  may  have  contrib¬ 


uted  to  the  increases  in  the  ‘”0  profiles  in  these 
figures.  However,  the  'H  profile  in  Fig.  13c  is  rela¬ 
tively  flat,  and  this  indicates  that  the  increase  in 
the  oxygen  concentration  is  significant.  The  mass 
isotope  26  profiles  in  Figs.  13b  and  13c  decreased 
near  the  surfaces.  This  also  may  be  related  to  re¬ 
sidual  contamination  in  the  vacuum  system  but 
cannot  be  explained  at  the  present  time.  These 
problems  reflect  difficulties  sometimes  encoun¬ 
tered  in  the  interpretation  of  SIMS  results. 


Optical  Metallography 

Optical  metallographic  examinations  were 
conducted  both  on  the  surfaces  of  the  laser-pulsed 
specimens  and  on  cross  sections  through  the  cen¬ 
ters  of  the  laser-pulsed  regions.  The  surfaces  of 
the  specimens  had  been  polished  prior  to  laser¬ 
pulsing  to  facilitate  the  detection  of  laser-induced 
damage.  Optical  examination  of  these  surfaces 
stimulated  more  detailed  examinations  with  a 
scanning  electron  microscope,  and  details  of  the 
surface  structural  changes  are  presented  in  the 
next  section  on  Scanning  Electron  Microscopy." 
This  section  describes  the  subsurface  microstruc- 
tural  changes  that  were  revealed  in  metallo- 
graphu  examinations  of  polished  and  etched  cross 
sections  taken  through  the  laser-damaged  surface 
lasers 

Pure  Iron  Specimens 

The  iron  used  for  this  study  had  a  cold- 
worked  structure  An  example  of  the  cold-worked 
structure  is  shown  in  Fig.  14.  The  bar  apparently 
had  been  swaged  or  drawn,  and  the  structure  was 
heavily  banded  along  the  axis  of  the  bar.  This 
cold -worked  structure  provided  a  convenient  ref¬ 
erence  structure  that  contrasted  sharply  with  the 
microstructural  changes  induced  by  laser-pulsing. 
As  already  mentioned,  the  first  damage  threshold 
encountered  was  plastic  deformation.  This  was 
manifest  as  wavy  slip  lines  on  the  surface  of  the 
specimen,  but  it  was  not  evident  in  the  previously 
cold-worked  structure  in  the  metallographic  cross 
sections.  This  damage  mechanism  was  followed, 
in  order,  by  recrystallization  of  the  cold-worked 
structure,  the  formation  of  martensite,  and  surface 
melting.  Surface  melting  generated  crater  forma¬ 
tion  and  caused  considerable  surface  roughness. 
As  will  be  shown,  the  martensitic  structure  ob¬ 
served  in  the  polished  cross  sections  appeared  to 
exhibit  subtle  changes  that  corresponded  to  the 
different  gases  that  were  used. 


Argon.  Examples  of  microstructural  changes 
induced  by  laser-pulsing  in  argon  at  150  psi  are 
shown  in  Figs.  15a  and  15b.  Figure  15a  is  from 
Iron  A,  which  received  10  pulses  at  a  nominal  en¬ 
ergy  of  10],  and  Fig.  15b  is  from  Iron  B,  which 
received  10  pulses  at  a  nominal  energy  of  40  j.  The 
corresponding  SIMS  depth  profiles  for  these  spec¬ 
imens  are  shown  in  Figs.  8b  and  8d,  respectively. 
The  surface  structure  in  Fig.  15a  appears  to  be  pre¬ 
dominantly  recrystallized,  with  some  indication  of 
martensite.  The  depth  of  melting  was  not  revealed 
in  the  methllographic  inspections  of  these  speci¬ 
mens.  The  depth  of  the  laser-affected  structure  in 
Fig.  15a  is  approximately  20  >im;  this  is  nearly 
identical  to  the  depth  of  penetration  of  oxygen  in¬ 
dicated  in  the  SIMS  depth  profile  in  Fig.  8b.  The 
surface  structure  in  Fig.  15b  also  is  predominately 
martensite  but  extends  to  a  significantly  greater 
depth  than  in  Fig.  15a.  Some  indication  of  the  re- 
crystallized  layer  between  the  martensite  and  the 
cold-worked  structure  is  evident  at  the  bottom  of 
the  figure.  The  depth  of  the  martensite  layer  in 
Fig.  15b  varies  from  70  to  100  *un.  This  compares 
reasonably  well  with  the  smooth  portion  of  the 
160  profile  extending  from  the  surface  of  the  spec¬ 
imen  in  Fig.  8d  to  a  depth  of  about  80  //m.  The  leO 
profile  in  Fig.  8d  continues  to  decrease  beyond  the 
smooth  portion  of  the  profile.  Although  this  could 
be  an  artifact  of  both  the  surface  morphology  of 
the  SIMS  crater  and  memory  effects  caused  by 
redeposition  of  ion-sputtered  material  in  the  in¬ 
strument,  it  may  imply  that  oxygen  has  diffused 
into  the  recrystallized  material. 

Carburizing.  The  depth  of  craters  formed  by 
laser-pulsing  at  a  given  beam  energy  significantly 
decreased  as  the  gas  pressure  increased.  Conse¬ 
quently,  one  of  the  deepest  craters  that  formed 
was  in  Iron  70  from  the  low-pressure  series  of 
specimens.  A  low-magnification  micrograph  of  a 
section  through  the  crater  is  shown  in  Fig.  16a. 
The  depth  of  the  laser-affected  structure  can  be 
seen  to  be  much  thicker  at  the  rim  on  either  side 
of  the  figure  than  at  the  center  of  the  crater.  This 
is  shown  at  higher  magnification  in  Figs.  16b 
and  16c.  Figure  16b  is  from  the  center  of  the  crater, 
and  Fig.  16c  is  from  one  side  of  the  rim.  These 
structures  correlate  with  the  SIMS  depth  profiles 
presented  in  Figs.  10a  and  10b,  respectively.  The 
SIMS  profiles  indicated  that  the  surface  material 
at  the  rim  contained  much  more  carbon  and  to 
significantly  greater  depth  than  in  the  center  of 
the  crater.  As  mentioned  previously,  these  results 
imply  that  the  surface  material  was  either  melted 
or  softened  by  the  thermal  response  to  the  laser 
beam,  and  the  pressure  pulse  generated  by  the 


laser  beam  caused  the  material  to  be  extruded 
from  the  center  of  the  impacted  region. 

Comparison  of  the  structures  generated  bv 
laser-pulsing  in  10%  methane/argon  and  carbon 
monoxide  is  shown  in  Fig.  17.  Figure  17a  is  from 
Iron  53,  which  received  10  pulses  in  10% 
methane/argon  at  150  psi  with  a  40-J  beam,  and 
Fig.  17b  is  from  Iron  59,  which  received  10  pulses 
in  carbon  monoxide  at  150  psi  with  a  40-J  beam. 
The  corresponding  SIMS  depth  profiles  from 
these  specimens  are  shown  in  Figs.  9c  and  11,  re¬ 
spectively.  Although  differences  in  the  martensitic 
structures  of  the  two  specimens  are  subtle,  they 
are  considered  to  be  significant.  The  prior  austen¬ 
ite  grain  size  is  faintly  indicated  in  these  figures 
by  changes  in  the  orientation  of  the  martensite 
platelets.  The  prior  austenite  grain  size  appears  to 
be  significantly  greater  in  Fig.  17a  for  Iron  53  than 
in  Fig.  17b  for  Iron  59.  The  martensitic  structures 
generated  in  other  pure  iron  specimens  by  laser¬ 
pulsing  in  10%  methane/argon  appeared  to  be 
quite  similar  to  that  shown  in  Fig.  17a  for  Iron  53. 
Therefore,  the  increased  oxygen  concentration  in¬ 
duced  by  laser-pulsing  in  carbon  monoxide  ap¬ 
pears  to  have  promoted  a  finer  grain  size  in  the 
reaction  zone.  The  difference  in  these  structures 
strongly  suggests  that  the  increased  oxygen  con¬ 
tent  also  may  have  increased  the  retained  austen¬ 
ite  content  in  Iron  59.4 

Nitriding.  Further  change  in  the  appearance 
of  the  martensitic  structure  occurred  in  specimens 
that  were  laser-pulsed  in  nitriding  gases. 
Figure  18a  is  from  Iron  61,  which  received  10 
pulses  in  nitrogen  at  150  psi  with  a  40-J  beam,  and 
Fig.  18b  is  from  Iron  63,  which  received  10  pulses 
in  ammonia  at  100  psi  with  a  40-J  beam.  The  cor¬ 
responding  SIMS  depth  profiles  for  these  speci¬ 
mens  were  presented  in  Figs.  12a  and  12b,  respec¬ 
tively.  The  martensite  platelets  in  the  nitrided 
specimens  appear  to  be  more  sharply  delineated 
than  in  the  previous  specimens.  The  effect  of  the 
increased  oxygen  content  in  Iron  63  was  not  evi¬ 
dent.  The  depth  of  the  martensite  layer  in  Fig.  18a 
varies  from  about  40  to  50  j/m,  and  the  depth  in 
Fig.  18b  is  about  50  fim.  This  is  in  approximate 
agreement  with  the  SIMS  depth  profiles. 

AISI  4340  Steel  Specimens 

The  AISI  4340  steel  had  a  quenched  and  tem¬ 
pered  martensitic  structure.  Examination  of  the 
laser-pulsed  surfaces  did  not  reveal  evidence  of 
plastic  deformation.  Only  martensitic  transforma¬ 
tions  and  surface  melting  occurred.  When  surface 
melting  occurred,  two  distinct  zones  formed.  The 


Fig.  14.  Cold-worked  structure  of 
the  pure  iron  (800 X). 


Fig.  15.  Microstructural  changes 
induced  in  pure  iron  by  laser¬ 
pulsing  in  argon  at  150  psi. 


(a)  Iron  A,  10  pulses  at  10  J 
(1000X). 


Fig.  15.  (continued) 


(b)  Iron  B,  10  pulses  at  40  J  (800X). 


Fig.  16.  Structures  formed  in  the 
crater  of  Iron  70,  which  received 
10  pulses  in  10%  methane/argon  at 
15  psi  with  a  40-J  beam. 


(a)  Low-magnification  view  of  the 
crater  (50X). 


\ 
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Fig.  16.  (continued) 


(b)  Structure  at  the  center  of  the 
crater  (800X). 


(c)  Structure  at  the  rim  of  the  era 
ter  (800X). 


Fig.  17.  Comparison  of  pure  iron 
specimens  laser-pulsed  in  10'< 
methane/argon  and  carbon  mon¬ 
oxide  (1000  X). 


(a)  Iron  53, 10%  methane/argon,  10 
pulses,  150  psi,  40  J. 


(b)  Iron  59,  carbon  monoxide,  10 
pulses,  150  psi,  40  J. 


Fig.  18.  Pure 
laser-pulsed  in 
(800  X). 


iron  specimens 
nitriding  gases 


(a)  Iron  61,  nitrogen,  10  pulses, 
150  psi,  40  J. 


(b)  Iron  63,  ammonia,  10  pulses, 
150  psi,  40  J. 


zone  formed  at  the  surface  was  light-etching,  as- 
quenched  martensite.  This  was  followed  by  a 
zone  of  intermediate-etching  martensite.  The  con¬ 
stant  appearance  of  the  etched  structure  in  the  in¬ 
termediate  zone  suggests  that  the  Ac,  temperature 
for  the  complete  transformation  of  the  prior  struc¬ 
ture  to  austenite  had  been  exceeded.  This  in  turn 
suggests  that  the  light-etching  zones  had  ex¬ 
ceeded  the  melting  point,  although  the  position  of 
the  melting  interface  was  not  apparent  in  the 
metallographic  examinations.  The  martensitic 
structures  in  the  A1S1  4340  steel  specimens  did  not 
appear  to  be  sensitive  to  the  gaseous  environ¬ 
ment.  This  is  shown  in  Figs.  19  and  20. 

The  microstructures  in  the  light-  and  interme¬ 
diate-etching  zones  were  similar  to  those  found  in 
the  first  two  zones  in  the  previous  investigation.1 
Whereas  the  substrate  structure  was  tempered 
martensite  in  this  study,  the  substrate  structure 
was  ferrite  and  pearlite  in  the  previous  study. 
Consequently,  a  third  zone  was  detected  in  the 
previous  study  that  was  suspected  to  correspond 
to  the  zone  that  exceeded  the  Acl  temperature  for 
the  start  of  the  transformation  to  austenite  on 
heating  but  did  not  exceed  the  Ac3  temperature  for 
the  complete  transformation  to  austenite.  Appar¬ 
ently,  the  detection  of  this  zone  in  the  previous 
study  was  enhanced  by  its  sharp  contrast  to  the 
pearlitic  structure. 

Figure  19  is  from  metallographic  cross  sec¬ 
tions  of  some  of  the  AISI  4340  steel  specimens 
that  showed  the  laser-affected  surface  structures. 
Figures  19a  and  19b  compare  specimens  that  were 
laser-pulsed  with  different  beam  energies  in  ar¬ 
gon.  Figure  19a  is  from  4340  A,  which  received  10 
pulses  in  argon  at  150  psi  with  a  10-J  beam,  and 
Fig.  19b  is  from  4340  B,  which  received  10  pulses 
in  argon  at  150  psi  with  a  40-J  beam.  Views  of  the 
surface  damage  were  shown  in  Figs.  7a  and  7b,  re¬ 
spectively.  Figure  19a  is  from  the  central  damaged 
region  in  Fig.  7a  and  shows  that  the  light-etching 
layer  did  form  at  the  surface  in  this  region. 
Figure  19b  is  from  the  crater  in  Fig.  7b  and  shows 
an  even  thicker  light-etching  layer.  Figures  19c 
and  19d  compare  specimens  that  received  differ¬ 
ent  numbers  of  pulses  in  10%  methane/argon  at 
150  psi  with  a  40-J  beam.  The  surface  damage  that 
occurred  in  these  specimens  is  shown  in  Figs.  7c 
and  7d,  respectively.  The  light-etching  layers  ap¬ 
peared  to  be  noticeably  thicker  in  specimens 
pulsed  in  10%  methane/argon  than  in  specimens 
pulsed  in  argon.  The  irregularities  in  the  surface 
layers  of  these  specimens  reflect  the  surface 


roughness  caused  bv  melting  and  inhomogene¬ 
ities  in  the  energy  density  of  the  laser  beam. 

The  surface  structures  in  Figs.  19a 
through  19d  are  shown  at  higher  magnifications 
in  Figs.  20a  through  20d,  respectively.  These  fig¬ 
ures  show  the  light-etching  and  intermediate¬ 
etching  martensitic  structures  more  clearly.  In 
contrast  to  the  pure  iron  specimens,  the  structures 
do  not  appear  to  be  sensitive  to  the  environment. 
As  mentioned  previously,  the  light-etching  mar¬ 
tensite  appeared  to  be  associated  with  surface 
melting,  but  the  depth  of  melting  was  not  indi¬ 
cated  in  the  microstructure. 

The  thickness  of  the  light-etching  layer  was 
only  about  1  to  2  /urn  in  4340  A.  This  implies  that 
10  J  is  near  the  threshold  energy  for  surface  melt¬ 
ing  to  occur  in  AISI  4340  steel.  The  thickness  of 
the  light-etching  layer  in  4340  50  was  about  10  to 
12  (im  (Fig.  20c),  and  it  was  about  18  to  25  ^m  in 
4340  43  (Fig.  20d).  The  thickness  of  the  intermedi¬ 
ate-etching  layer  was  about  30  fim  (Figs.  20c  and 
20d).  The  thickness  of  the  light-etching  layer  defi¬ 
nitely  appears  to  increase  as  the  number  of  pulses 
increases.  This  is  supported  by  the  160  profile  in 
Fig.  13c.  The  flat  portion  of  the  lbO  profile  at  an 
ion  intensity  of  about  104  counts/s  may  be  associ¬ 
ated  with  the  light-etching  layer,  although  it  ex¬ 
tends  to  a  depth  of  about  40  nm.  As  mentioned 
previously,  the  portion  of  the  profile  extending 
from  a  depth  of  about  40  nm  to  about  80  nm  de¬ 
creases  smoothly  from  about  104  to  about  4  X  103 
counts/s,  and  this  could  be  related  to  diffusion  of 
oxygen  into  the  intermediate-etching  layer.  In  ad¬ 
dition,  the  lhO  profile  in  Fig.  13c  descends  from 
slightly  above  10s  counts/s  to  104  counts/s  within 
a  depth  of  about  10  /uni  below  the  surface.  If  this  is 
related  to  the  increased  solubility  of  oxygen  in 
molten  iron,  this  would  indicate  that  surface  melt¬ 
ing  extended  only  partially  into  the  light-etching 
layer. 

Scanning  Electron  Microscopy 

Pure  Iron  Specimens 

Argon.  Scanning  electron  micrographs  of  the 
laser-affected  regions  in  pure  iron  specimens 
pulsed  in  argon  at  150  psi  with  a  10-J  beam  are 
shown  in  Fig.  21.  Figure  21a  shows  the  laser-af¬ 
fected  region  at  low  magnification;  this  corre¬ 
sponds  to  the  optical  macrograph  of  the  same  area 
in  Fig.  2a,  which  was  taken  before  the  SIMS 
analyses.  The  light  triangular  areas  in  Fig.  21a  are 
craters  generated  by  the  primary  ion  beam  during 
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Fig.  19.  Comparison  of  low-mag¬ 
nification  views  of  laser-affected 
surface  structures  in  AISI  4340 
steel  specimens  (lOOX). 


(a)  4340  A,  10  pulses  in  argon, 
150  psi,  10  J. 


(b)  4340  B,  10  pulses  in  argon, 
150  psi,  40  J. 


Fig.  19.  (continued) 


(c)  4340  50,  1  pulse  in  10% 
methane/argon,  150  psi,  40  J. 


(d)  4340  43,  10  pulses  in  10% 
methane/argon,  150  psi,  40  J. 


Fig.  20.  High-magnification 
views  of  the  microstructural 
changes  in  laser-pulsed  A1S1  4340 
steel  specimens  UOOOX). 


(a)  4340  A,  10  pulses  in  argon, 
150  psi,  10  J. 


(b)  4340  B,  10  pulses  in  argon, 
150  psi,  40  J. 


Fig.  21.  Scanning  electron  micro¬ 
graphs  of  Iron  A,  10  pulses  in  ar¬ 
gon  at  150  psi  with  a  10-J  beam. 


(a)  Low-magnification  view  of  the 
laser-affected  region. 


(b)  Slip  bands  formed  at  the  edge 
of  the  laser-affected  region. 


Fig.  21.  (continued) 


(c)  Transition  area  from  slip  to  a 
deformed  recrystallized  structure. 


(d)  Martensitic  structure  in  the 
center  of  the  laser-affected  region. 


the  SIMS  analyses.  Examples  of  slip  bands  formed 
in  Iron  A  are  shown  in  Fig.  21b.  These  slip  bands 
were  found  in  the  lightly  damaged  areas  of  the 
specimen.  They  are  characteristic  of  the  slip  bands 
found  around  the  edges  of  the  laser-affected  re¬ 
gions  of  all  of  the  pure  iron  specimens.  A  transi¬ 
tion  zone  between  slip  and  recrystallization  in 
Iron  A  is  shown  in  Fig.  21c;  as  can  be  seen, 
banded  structures  usually  were  associated  with 
the  recrystallized  structures.  Optical  metallogra¬ 
phy  indicated  that  martensite  had  not  formed  in 
this  area,  so  the  bands  are  interpreted  to  be  defor¬ 
mation  bands  formed  by  the  rapid  thermal  re¬ 
sponse  of  the  specimen  to  the  laser  beam  (Appen¬ 
dix  4).  The  small  area  near  the  center  of  Fig.  21a, 
and  which  also  is  shown  in  the  optical 
macrograph  in  Fig.  2a,  appears  to  have  melted. 
The  structure  from  this  region  is  shown  at  higher 
magnification  in  Fig.  21d.  This  area  shows  a  fine 
grain  structure,  apparently  formed  by  rapid  solidi¬ 
fication,  and  optical  metallography  indicated  that 
the  banded  structure  in  this  area  is  associated  with 
martensite  platelets  and  not  deformation.  Fre¬ 
quently,  a  mottled  structure  formed  between  the 
recrystallized  and  the  melted  areas.  Optical  met¬ 
allography  indicated  that  solid-state  austenite- 
martensite  transformations  had  occurred  in  these 
areas. 

Scanning  electron  micrographs  from  the 
laser-affected  region  of  Iron  B  are  shown  in 
Fig.  22.  An  optical  macrograph  of  the  same  region 
was  shown  in  Fig.  2b.  This  specimen  had  been 
pulsed  in  argon  under  the  same  conditions  as  Iron 
A  except  for  a  higher  beam  energy  of  40  J.  Essen¬ 
tially  the  same  damage  zones  formed  in  this  speci¬ 
men  as  in  Iron  A,  but  the  higher  beam  energy  pro¬ 
duced  considerably  more  surface  damage,  as  can 
be  seen  in  Fig.  22a.  The  structure  from  the  central 
portion  of  the  melted  region  is  shown  in  Fig.  22b. 
The  structure  in  this  figure  is  nearly  identical  to 
that  in  Fig.  21d.  Again,  metallography  indicated 
that  the  bands  were  associated  with  the  formation 
of  martensite. 

10%  Methane/ Argon.  Surface  structures 
formed  on  pure  iron  specimens  pulsed  in 
10%  methane/argon  are  shown  in  Figs.  23 
through  25.  The  laser-affected  region  on  the  sur¬ 
face  of  Iron  70,  which  was  pulsed  10  times  with  a 
40-J  beam  at  15  psi,  is  shown  in  Figs.  23a  through 
23d.  Areas  analyzed  by  SIMS  are  again  visible. 
The  depth  of  the  crater  can  be  seen  to  be  signifi¬ 
cantly  greater  than  the  small  crater  that  formed  in 
Iron  B  at  150  psi  (Fig.  22a).  It  also  is  significantly 


deeper  than  the  craters  formed  in  the  other  pure 
iron  specimens  pulsed  at  150  psi  in 
10%  methane/argon.  Evidence  of  surface  melting 
within  the  crater  is  indicated  by  the  globular  ap¬ 
pearance  of  the  surface  structure  in  Fig.  23b.  The 
globular  structure  appears  to  be  associated  with 
dendritic  solidification,  as  will  be  discussed.  This 
contrasts  sharply  with  the  structures  from  the 
melted  regions  in  Iron  A  and  Iron  B  in  Figs.  21a 
and  22a,  respectively,  and  demonstrates  the  sensi¬ 
tivity  of  surface  structures  generated  by  laser¬ 
pulsing  to  the  environment.  Martensitic  banding 
usually  could  be  seen  to  be  superimposed  on  the 
fine  globular  structure  at  lower  magnification. 
Figure  23c  was  taken  from  an  area  just  outside  of 
the  rim  of  the  crater.  Recrystallization  had  oc¬ 
curred,  and  optical  metallography  indicated  that 
the  bands  are  associated  with  martensite.  Faint 
evidence  of  the  globular  structure  can  be  seen  in 
some  areas  of  Fig.  23c  as  if  incipient  melting  had 
occurred.  Figure  23d  is  from  the  rim  of  the  crater. 
Small  surface  tears  appear  to  have  formed  in  the 
recrvstallized  structure  in  Fig.  23d.  This  is  consis¬ 
tent  with  the  suggestion  that  the  crater  formed  by 
the  extrusion  of  material  from  the  center  of  the 
crater. 

Structures  from  the  melted  regions  of  pure 
iron  specimens  that  received  from  one  to  50 
pulses  in  10%  methane/argon  are  shown  at  inter¬ 
mediate  magnifications  in  Fig.  24  and  at  higher 
magnification  in  Fig.  25.  These  specimens  were 
laser-pulsed  at  150  psi  with  a  40-J  beam. 
Figure  24a  is  from  Iron  50,  which  received  one 
pulse,  and  shows  only  a  recrystallized  structure 
with  a  superimposed  martensitic  structure;  no  evi¬ 
dence  of  the  globular  structure  was  evident.  The 
morphology  of  the  crater  definitely  indicated  that 
surface  melting  had  occurred.  Figure  24b,  from 
Iron  51  which  received  two  pulses,  shows  a  simi¬ 
lar  structure  with  faint  evidence  of  the  globular 
structure.  Figures  24c  and  24d,  from  Iron  52  which 
received  five  pulses  and  Iron  55  which  received  50 
pulses,  respectively,  show  well-developed  globu¬ 
lar  structures.  For  purposes  of  comparison,  addi¬ 
tional  examples  of  globular  structures  are  shown 
at  higher  magnifications  in  Figs.  25a  through  25d. 
In  Fig.  25a,  the  globular  structure  appears  to  be  in 
the  initial  stage  of  formation  after  two  pulses.  In 
Fig.  25b,  the  globular  structure  appears  to  be  fairly 
well  formed  after  five  pulses.  Figures  25c  and  25d 
show  that  no  further  changes  have  occurred  in  the 
appearance  of  the  globular  structure  after  25  and 
50  pulses.  These  figures  indicate  that  two  to  five 
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Fig.  22.  Scanning  electron  micro¬ 
graphs  of  Iron  B,  10  pulses  in  ar¬ 
gon  at  150  psi  with  a  40-J  beam. 


(a)  Low-magnification  view  of  the 
laser-affected  region. 


(b)  Martensitic  structure  in  the 
center  of  the  melted  region. 


Fig.  23.  Scanning  electron  micro¬ 
graphs  of  Iron  70, 10  pulses  in  107, 
methane/argon  at  15  psi  with  a 
40-J  beam. 


(a)  Low-magnification  view  of  the 
crater  formed  at  low  pressure. 


(b)  Evidence  of  surface  melting  in 
the  center  of  the  crater. 


Fig.  23.  (continued) 
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„  Fig.  24.  Scanning  electron  micro- 
y  ,t  graphs  from  the  centers  of  the 
'S  laser-affected  regions  of  pure  iron 
specimens  after  different  numbers 
*  of  pulses  in  10%  methane/argon  at 

X  f  150  psi  with  a  40-J  beam. 
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(a)  Iron  50, 1  pulse. 


(b)  Iron  51,  2  pulses. 
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Fig.  25.  Comparison  of  surface 
melting  in  pure  iron  specimens  af¬ 
ter  different  numbers  of  pulses  in 
10%  methane/argon  at  150  psi 
with  a  40-J  beam. 


(a)  Iron  51,  2  pulses. 


(b)  Iron  52,  5  pulses. 


Fig.  25.  (continued) 
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pulses  were  required  to  form  the  globular  struc¬ 
ture,  and  it  remained  fairly  constant  once  it 
formed. 

Other  Gases.  In  contrast  to  the  pure  iron 
specimens  pulsed  in  10%  methane/argon,  the 
globular  structure  did  not  form  in  carbon  monox¬ 
ide,  nitrogen,  or  ammonia.  This  is  shown  in 
Fig.  26,  from  the  melted  region  of  Iron  59  which 
was  pulsed  10  times  in  carbon  monoxide  at  150  psi 
with  a  40-J  beam,  and  Fig.  27,  from  Iron  61  which 
was  pulsed  10  times  in  nitrogen  at  150  psi  with  a 
40-J  beam.  The  surface  structure  in  Iron  63,  which 
was  pulsed  10  times  in  ammonia  at  100  psi,  was 
nearly  identical  to  that  of  Iron  61.  The  martensitic 
relief  in  the  nitrided  specimens  appears  to  be 
much  more  sharply  delineated  than  that  in  the 
specimens  pulsed  in  10%  methane/argon  and  ar¬ 
gon,  and  this  is  consistent  with  the  metallographic 
observations. 

AISI  4340  Steel  Specimens 

The  laser-affected  regions  from  4340  A  and 
4340  B,  which  were  pulsed  10  times  in  argon  at 
150  psi,  are  shown  in  Figs.  28a  and  28b,  respec¬ 
tively.  These  figures  correspond  with  the  optical 
macrographs  of  the  same  regions  in  Figs.  7a  and 
7b,  respectively.  Slight  evidence  of  melting  can  be 
seen  in  Fig.  28a  from  4340  A,  which  was  pulsed 
with  a  10-J  beam,  and  a  large  melted  region  is 
evident  in  Fig.  28b  from  4340  B,  which  was  pulsed 
with  a  40-J  beam.  Structures  from  the  melted  re¬ 
gions  of  AISI  4340  steel  specimens  pulsed  in  both 
argon  and  10%  methane/argon  at  150  psi  are 
shown  at  intermediate  magnifications  in  Fig.  29. 
Figure  29a  is  from  4340  A,  which  received  10 
pulses  in  argon  with  a  10-J  beam,  Fig.  29b  is  from 
4340  B,  which  received  10  pulses  in  argon  with  a 
40-J  beam,  Fig.  29c  is  from  4340  50,  which  received 
one  pulse  in  10%  methane/argon  with  a  40-J 
beam,  and  Fig.  29d  is  from  4340  43,  which  re¬ 
ceived  10  pulses  in  10%  methane/argon  with  a 
40-J  beam.  The  same  structures  are  shown  at 
higher  magnifications  in  Figs.  30a  through  30d. 
These  figures  show  that  the  globular  structure  did 


not  form  in  argon  with  a  10-J  beam,  but  it  did 
form  in  argon  with  a  40-J  beam,  and  it  also  was 
well  developed  in  10%  methane/argon  after  onlv 
one  pulse  at  40  J.  The  fine,  bright  precipitates  visi¬ 
ble  on  the  globular  structure  in  Fig.  30b  probably 
are  associated  with  incipient  oxidation,  as  indi¬ 
cated  by  the  increased  oxygen  content  in  the 
SIMS  depth  profiles. 

Preferential  Response  of  Inclusions 

One  of  the  observations  in  the  early  phases  of 
this  study  was  that  inclusions  exhibited  preferen¬ 
tial  response  to  laser-pulsing.  This  is  demon¬ 
strated  in  Fig.  31  for  an  AISI  4340  steel  specimen 
that  had  received  one  pulse  in  argon  at  15  psi.  The 
surface  had  been  ground  on  a  series  of  silicon  car¬ 
bide  papers  through  600  grit.  The  grinding 
scratches  provide  a  useful  reference  for  the  onset 
of  surface  damage.  The  as-ground  surface  is 
shown  in  Fig.  31a.  Figure  31b  shows  preferential 
response  of  inclusions  at  the  edge  of  a  lightly 
damaged  area.  One  of  the  inclusions  near  the  cen¬ 
ter  of  the  figure  has  reacted  to  damage  the  sur¬ 
rounding  surface.  The  inclusion  is  shown  at 
higher  magnification  in  Fig.  31c.  The  grinding 
scratches  in  the  immediate  vicinity  of  the  inclu¬ 
sion  appear  to  be  unaffected  by  the  laser  pulse, 
and  this  indicates  that  the  inclusion  responded  to 
the  laser  pulse  more  rapidly  than  the  steel  sub¬ 
strate.  Figure  31d  is  from  the  edge  of  a  melted  area 
and  shows  that  preferential  response  of  inclusions 
has  significantly  altered  the  surface  morphology. 
Additional  evidence  of  preferential  response  of  in¬ 
clusions  to  laser-pulsing  is  shown  in  Figs.  32a  and 
32b.  Figure  32a  is  from  4340  50,  which  received 
one  pulse  in  10%  methane/argon  at  150  psi  with  a 
40-J  beam,  and  Fig.  32b  is  from  4340  43,  which 
received  10  pulses  under  the  same  conditions. 
Even  though  this  preferential  response  undoubt¬ 
edly  is  enhanced  by  the  optical  properties  of  the 
inclusions,  it  strongly  suggests  that  inclusions 
may  seriously  affect  erosion/corrosion  in  highly 
transient  environments. 


Coating  Experiments 


As  already  mentioned,  the  previous  experi¬ 
ments'  on  tungsten-coated  AISI  4340  steel  speci¬ 
mens  indicated  that  the  tendency  for  tungsten 
coatings  to  crack  was  related  to  the  thickness  of 
the  intermediate  nickel  layer.  To  duplicate  the 
previous  experiments,  each  tungsten-coated 


AISI  4340  steel  specimen  was  pulsed  10  times  in 
air  at  a  given  laser-beam  energy.  Nominal  beam 
energies  of  10,  20,  30,  and  40  J  were  used.  Three 
specimens  with  the  different  intermediate  nickel¬ 
coating  thicknesses  of  2,  6,  and  10  j/m  were  pulsed 
at  each  energy.  The  test  matrix  is  given  in  Table  4. 


Fig.  26.  Structure  at  the  center  of 
the  laser-affected  region  of  Iron  59 
pulsed  in  carbon  monoxide  at 
150  psi  with  a  40-J  beam. 


Fig.  27.  Structure  at  the  center  of 
the  laser-affected  region  of  Iron  61 
pulsed  in  nitrogen  at  150  psi  with 
a  40-J  beam. 
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Fig.  28.  Scanning  electron  micro¬ 
graphs  of  the  laser-affected  re¬ 
gions  in  AISI  4340  steel  specimens 
after  10  pulses  in  argon  at  150  psi. 


(a)  4340  A,  pulsed  with  a  10-J 
beam. 


(b)  4340  B,  pulsed  with  a  40-J 
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Fig.  30.  (continued) 


(c)  4340  50,  10%  methane/argon 
150  psi,  40  J,  1  pulse. 


(d)  4340  43,  10%  methane/argon 
150  psi,  40  J,  10  pulses. 


Fig.  32.  Scanning  electron  micro¬ 
graphs  of  preferential  response  of 
inclusions  in  AIS1  4340  steel. 


(a)  4340  50,  10%  methane/argon, 
150  psi,  40  J,  1  pulse. 


(b)  4340  43,  10%  methane/argon, 
150  psi,  40  J,  10  pulses. 


Table  4.  Results  of  experiments  on  the  tungsten-coated  AISI 
4340  steel  specimens. 


Specimen 

No. 

Tungsten 

thickness 

(pm) 

Nickel 

thickness 

(«tm) 

Laser 

energy 

<j> 

Evidence 

of 

cracking 

W-13 

244 

9.5 

41.2 

Yes 

W-10 

231 

6.5 

41.4 

Yes 

W-12 

212 

3.0 

42.1 

Yes 

W-27 

224 

10.0 

32.0 

Yes 

w-u 

226 

6.5 

32.2 

Yes 

W-16 

208 

2.0 

32.4 

Yes 

W-26 

224 

12.0 

22.0 

Yes 

W-14 

220 

7.0 

20.6 

Yes 

W-18 

200 

2.5 

21.4 

Yes 

W-25 

220 

10.0 

12.8 

No 

W-15 

220 

6.5 

12.8 

Yes 

W-20 

214 

3.0 

12.7 

Yes 

The  objective  of  these  experiments  was  to  deter-  beam  energy.  However,  a  slight  anomaly  existed 

mine  if  the  thickness  of  the  intermediate  coating  in  the  specimens  pulsed  at  10  J.  The  specimen 

affected  the  formation  of  cracks  in  the  tungsten  with  a  10-/im  intermediate  nickel  coating  showed 

overlay.  no  cracking,  but  the  specimen  with  a  6-#tm  inter- 

After  the  specimens  had  been  laser-pulsed,  mediate  layer  exhibited  more  cracking  than  the 

the  surface  of  each  specimen  was  examined  with  specimen  with  a  2-fim  intermediate  layer.  This  is 

an  optical  microscope  for  evidence  of  cracking.  demonstrated  in  Fig.  34,  which  compares  micro- 

Metallographic  sections  were  then  taken  through  graphs  from  the  metallographic  sections  of  the 

the  center  of  the  laser-pulsed  region  in  each  speci-  three  specimens  with  micrographs  from  the  laser- 

men  normal  to  the  coated  surface.  After  polishing,  affected  regions  of  the  specimens.  As  is  evident  in 

the  sections  were  etched  in  2%  Nital  to  delineate  the  surface  structures,  the  surface  of  the  specimen 

the  coatings.  with  the  6-fim  intermediate  nickel  coating  had  not 

The  results  of  the  optical  examinations  are  been  sufficiently  ground  to  remove  the  surface 

listed  in  Table  4.  Cracks  were  observed  in  the  structure  of  the  CVD  tungsten  coating.  The 

tungsten  coating  of  each  specimen,  except  for  the  rougher  surface  apparently  increased  the  energy 

specimen  with  an  intermediate  nickel  coating  of  coupling  between  the  specimen  and  the  laser 

10  jum,  which  was  pulsed  at  10  J.  The  density  of  beam  to  produce  the  increased  cracking.  Thus, 

cracks  appeared  to  decrease  as  the  beam  energy  these  results  confirm  the  previous  finding  that  in- 

decreased.  This  was  confirmed  in  the  metallo-  creasing  the  thickness  of  the  intermediate  nickel 

graphic  sections.  Representative  micrographs  coating  does  reduce  the  tendency  of  the  tungsten 

from  each  specimen  are  shown  in  Fig.  33,  and  the  overlay  to  crack,  but  the  effect  is  relatively  small, 

density  of  cracks  does  appear  to  decrease  with  the 


Discussion 

The  major  topics  to  be  discussed  in  this  sec-  istry  reactions  and  damage  mechanisms 

tion  are  with  erosion/corrosion  mechanisms. 

1.  The  use  of  SIMS  for  the  microanalysis  of 

interstitials.  The  Use  of  SIMS  for  the  Microanalysis 

2.  SIMS  and  metallographic  observations.  of  Interstitials 

3.  Position  of  the  melt  interface  and  depth  of 

interstitial  penetration.  At  the  outset  of  this  study,  some  doubt  ex- 

4.  Laser  damage  mechanisms.  isted  about  the  most  suitable  technique  for  the  mi- 

5.  Laser-induced  surface  structures.  croanalysis  of  interstitial  elements  in  body-cen- 

6.  Correlation  of  laser-induced  surface  chem-  tered-cubic  (bcc)  metals,  particularly  in  the  ppm 


Nickel  thickness 


Fig.  33.  CVD  tungsten  on  AISI  4340  steel  with  different  thicknesses  of  an  intermediate  coating  of  nickel;  the  nominal 
tungsten  thickness  is  250  pm. 


range.  SIMS  was  selected  because  of  its  excep¬ 
tional  sensitivity  and  the  relatively  high  sputter¬ 
ing  rates  that  could  be  achieved  to  generate 
depth-profile  analyses.  The  results  generated  by 
this  technique  clearly  demonstrate  the  viability  of 
SIMS  for  this  type  of  analysis. 

Nitrogen  is  one  of  the  most  difficult  elements 
to  analyze  by  SIMS.  The  results  from  this  study 
demonstrate  that  analysis  of  nitrogen  can  be  con¬ 
ducted  by  analyzing  for  mass  isotopes  cor¬ 
responding  to  molecular  combinations  of  nitrogen 
with  other  elements.  Combinations  of  nitrogen 
with  both  carbon  and  iron  were  used  in  this  study. 
These  combinations  actually  arise  from  recom¬ 
bination  of  the  sputtered  species  and  are  not  re¬ 
lated  to  the  manner  in  which  the  combined  ele¬ 
ments  reside  in  the  base  material.  Results  from 
these  molecular  combinations  are  not  totally  un¬ 
ambiguous,  however,  because  of  interference 
from  other  molecular  combinations.  Conse¬ 
quently,  detailed  analyses  of  the  interfering  ele¬ 
ments  are  required  to  assess  the  extent  of  interfer¬ 
ence  and,  as  in  this  study,  two  or  more  molecular 
combinations  should  be  used  to  verify  that  indi¬ 
cated  compositional  fluctuations  are  related  to  the 
appropriate  element. 

Precautions  must  be  exercised  in  the  interpre¬ 
tation  of  SIMS  data,  particularly  with  respect  to 
the  use  of  the  molecular  combinations  of  elements 
for  the  analysis  of  nitrogen.  The  use  of  iron  in  this 
program  circumvented  some  of  these  problems. 
Additional  work  is  required  to  establish  calibra¬ 
tion  curves  to  convert  intensities  to  concentra¬ 
tions.  In  spite  of  these  reservations,  the  reproduc¬ 
ibility  of  the  results  clearly  demonstrates  that  the 
relative  changes  indicated  in  the  concentration 
levels  of  the  interstitial  elements  are  real,  and 
SIMS  is  sensitive  to  changes  in  the  ppm  range. 
Additional  evidence  of  this  sensitivity  with  regard 
to  the  detection  of  microsegregation  of  interstitials 
in  cold-worked  iron  is  discussed  in  Appendix  3. 
Thus,  SIMS  appears  to  be  an  extremely  valuable 
analytical  technique  for  the  microanalysis  of  inter¬ 
stitial  elements  in  bcc  metals. 


SIMS  and  Metallographic  Observations 

The  SIMS  depth  profiles  revealed  that  signifi¬ 
cant  amounts  of  interstitial  elements  can  diffuse 
into  metal  surfaces  during  laser-pulsing  in  reac¬ 
tive  environments.  However,  interstitial  diffusion 
did  not  occur  in  specimens  pulsed  below  the 
threshold  energy  for  surface  melting  to  occur;  it 
was  observed  only  in  conjunction  with  surface 


melting.  Therefore,  surface  melting  was  a  prereq¬ 
uisite  for  the  diffusion  of  interstitials  to  occur. 
Similar  findings  were  reported  by  Hoh  el  til*  for 
the  diffusion  of  oxygen  into  silicon  by  laser¬ 
pulsing. 

Good  correlation  existed  between  the  depths 
of  interstitial  penetration  determined  by  SIMS 
depth  profiles  and  the  damage  layers  revealed  by 
optical  metallography.  This  persisted  in  spite  of 
the  surface  roughness  of  the  SIMS  craters  gener¬ 
ated  by  the  primary  ion  beam.  The  depth  profiles 
of  the  interstitial  elements  exhibited  consistent 
patterns  that  reflected  the  sensitivity  of  specimen 
response  to  surface  chemical  reactions  induced  by 
laser-pulsing. 

The  SIMS  results  from  the  specimens  pul.  1 
in  argon  revealed  that  substantial  amounts  of  oxy¬ 
gen  and  nitrogen  diffused  into  the  specimens, 
even  though  purified  argon  was  used.  In  addition, 
the  pressure  chamber  was  purged  several  times 
before  initiating  the  laser-pulsing,  and  the  extent 
of  contamination  should  have  been  minimal.  The 
presence  of  both  oxygen  and  nitrogen  indicates 
that  the  major  source  of  contamination  probably 
was  air.  The  amount  of  oxygen  and  nitrogen  that 
accumulated  in  the  specimens  is  considered  to 
demonstrate  the  importance  of  surface  chemical 
reactions  within  the  relatively  short  time  frame  of 
a  laser  pulse.  This  sensitivity  is  further  demon¬ 
strated  by  detection  of  the  slight  amount  of  decar¬ 
burization  that  accompanied  the  oxidation 
reaction. 

The  concentration  of  an  element  is  approxi¬ 
mately  proportional  to  the  SIMS  ion  intensity. 
The  I60  ion  intensities  in  Figs.  8b  and  8d  for 
Iron  A  and  Iron  B,  respectively,  are  higher  at  the 
surface  than  the  base  level  by  a  factor  of  approxi¬ 
mately  20.  Since  the  base  level  concentration  was 
analyzed  to  be  33  ppm  (0.0033  wt%),  this  indicates 
that  the  oxygen  concentration  is  increased  to 
about  0.06  wt%  at  the  surface.  The  equilibrium 
solubility  limit  of  oxygen  in  liquid  iron  increases 
from  0.16  wt%  at  1550°C  to  0.34  wt%  at  1700°C.7 
However,  the  maximum  solubility  in  solid  solu¬ 
tion  has  been  reported  to  be  only  of  the  order  of 
0.002  wt%  in  alpha  iron  at  875°C,8  and  it  may  be 
substantially  lower.9  Consequently,  the  high  sur¬ 
face  concentration  of  oxygen  in  the  specimens 
pulsed  in  argon  and  the  smoothness  of  the  profile 
in  the  surface  affected  region  indicate  that  oxygen 
diffuses  homogeneously  into  a  molten  surface 
layer,  and  the  homogeneity  is  retained  bv  the 
rapid  cooling.  Thus,  a  significant  amount  of  oxy¬ 
gen  can  diffuse  into  the  surface  layer  if  it  is  mol¬ 
ten,  but  it  must  be  rapidly  cooled  to  maintain  a 
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homogeneous  distribution.  This  was  verified  by 
the  absence  of  interstitial  diffusion  into  specimens 
pulsed  below  the  threshhold  energy  for  surface 
melting. 

The  profiles  for  mass  isotopes  26  and  70  in 
Figs.  8b  and  8d  show  increases  slightly  less  than 
those  for  the  lbO  profiles.  Although  the  correla¬ 
tion  between  concentration  and  ion  intensity  of  a 
molecular  combination  of  elements  is  not  well  es¬ 
tablished,  the  increase  of  the  profiles  by  a  factor  of 
about  10  from  base  to  surface  compositions  could 
indicate  a  surface  composition  of  the  order  of  10 
ppm.  The  maximum  solubility  of  nitrogen  in  iron 
is  of  the  order  of  0.004  wt%  in  alpha  iron  at 
873°C,  0.025  wt%  in  austenite  at  1000°C,  and 
0.015  wt%  in  delta  iron  at  1470°C.1(U112  The 
solubility  in  liquid  iron  is  only  of  the  order  of 
0.045  wt%.13  The  low  solubility  of  nitrogen  in  liq¬ 
uid  iron  may  have  limited  the  extent  of  laser-in¬ 
duced  nitriding  reactions.  In  addition,  Grieveson 
and  Turkdogan11  have  shown  that  the  rate  of  so¬ 
lution  of  nitrogen  in  iron  can  be  decreased  by  im¬ 
purities  such  as  water  vapor.  The  difference  in  the 
lhO  profiles  in  Figs.  12a  and  12b  supports  this  pos 
sibility  in  the  nitriding  experiments. 

Substantial  amounts  of  carbon  also  diffused 
into  molten  surface  layers  when  iron  specimens 
were  laser-pulsed  in  10%  methane/argon.  Again, 
the  carbon  concentration  could  not  be  increased 
unless  the  energy  threshold  for  surface  melting  to 
occur  had  been  exceeded.  As  mentioned  previ¬ 
ously,  the  depth  profile  in  Fig.  9d  for  Iron  55, 
which  had  received  50  pulses,  indicated  that  a 
quasi-equilibrium  surface  concentration  had  been 
attained.  In  addition,  the  maximum  12C  ion  inten¬ 
sity  of  most  of  the  other  iron  specimens  that  had 
been  pulsed  in  10%  methane/argon  attained  a 
similar  level  at  the  surface.  SIMS  analyses  from 
the  AISI  4340  steel  specimens  indicated  that  this 
quasi-equilibrium  level  was  of  the  order  of 
0.4  wt%.  Carbon  has  extensive  solubility  in  liquid 
iron  and  austenite  but  limited  solubility  in  delta 
and  alpha  iron.14 

The  extensive  oxidation  and  limited  carburi¬ 
zation  that  occurred  when  Iron  59  was  pulsed  in 
carbon  monoxide  was  not  expected  for  solid-state 
reactions.  However,  for  a  constant  gas  compo¬ 
sition,  thermodynamic  studies15  have  established 
that  carbon  monoxide  can  be  net-carburizing  at 
low  temperatures  and  net-oxidizing  at  high  tem¬ 
peratures.  Since  the  increase  in  both  carbon  and 
oxygen  occurs  at  high  temperature  in  the  liquid 
phase,  the  reaction  should  have  been  net-oxidiz¬ 
ing.  The  fact  that  carburization  occurred  could  be 


a  consequence  of  the  rapid  decomposition  of  car¬ 
bon  monoxide  on  the  surface  of  the  specimen. 

As  has  been  emphasized,  the  analysis  of  ni¬ 
trogen  by  the  use  of  molecular  combinations  of 
elements  is  not  unambiguous,  but  the  results  ob¬ 
tained  in  this  work  definitely  appeared  to  be  re¬ 
lated  to  nitrogen.  The  experiments  in  nitrogen  and 
ammonia  verified  that  laser-pulsing  could  induce 
nitrogen  to  diffuse  into  melted  surface  layers,  but 
the  reactions  did  not  appear  to  be  as  extensive  as 
for  the  other  gases.  In  fact,  the  experiments  in  ar¬ 
gon  indicated  that  more  nitrogen  could  diffuse 
into  melted  surfaces  as  a  result  of  air  contamina¬ 
tion  than  by  laser-pulsing  in  nitrogen  and  ammo¬ 
nia.  This  could  be  related  to  the  surface  catalysis 
problem  alluded  to  in  the  "Experimental  Proce¬ 
dures"  section. 

These  results  demonstrate  that  substantial 
surface  chemical  reactions  can  occur  during  laser¬ 
pulsing  when  the  energy  threshold  for  surface 
melting  is  exceeded.  The  necessity  for  surface 
melting  to  have  occurred  was  confirmed  by  the 
lack  of  interstitial  diffusion  in  specimens  pulsed 
below  the  threshold  for  surface  melting.  This  cor¬ 
relates  with  the  established  practice  of  using  high- 
melting-point  nonreactive  coatings  to  achieve  re¬ 
sistance  to  erosion/corrosion.  The  subtle 
differences  produced  in  the  martensitic  structures 
of  the  surface  damage  layers  was  further  indica¬ 
tion  of  the  sensitivity  of  the  surface  chemical  reac¬ 
tions  to  the  environment.  In  fact,  this  conforms  to 
theories  that  the  alteration  of  surface  microstruc¬ 
ture  by  surface  chemical  reactions  contributes  sig¬ 
nificantly  to  erosion/corrosion  mechanisms.16 


Position  of  the  Melt  Interface  and 
Depth  of  Interstitial  Penetration 

Attempts  to  determine  the  extent  of  melting 
that  may  have  occurred  during  laser-pulsing  pre¬ 
sented  an  interesting  predicament.  Evidence  of 
melting  was  not  detected  in  the  optical  metallo- 
graphic  examinations  of  the  cross  sections,  al¬ 
though  both  optical  and  SEM  examinations  of  the 
surfaces  did  reveal  definite  evidence  of  surface 
melting.  At  first,  the  occurrence  of  recrystalliza¬ 
tion  within  the  short  time  frame  of  the  laser  pulse 
was  thought  to  be  indicative  of  melting,  but 
Speich  and  Fisher17  have  clearly  shown  that  solid- 
state  recrystallization  does  indeed  occur  in  laser- 
pulsed  Fe-3-l/4Si  specimens.  Therefore,  the  re¬ 
crystallization  that  occurred  in  the  iron  specimens 
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definitely  appears  to  be  a  solid-state  reaction  aris¬ 
ing  from  the  cold-worked  state  of  the  substrate 
material.  It  is  not  an  indication  of  melting. 

Attempts  to  correlate  the  position  of  the  melt¬ 
ing  interface  with  the  occurrence  of  the  martens¬ 
itic  zones  also  were  not  productive.  Austenite  re¬ 
version  must  occur  before  martensite  can  form  in 
a  bcc  structure.  As  the  carbon  content  of  iron  in¬ 
creases,  the  reversion  initiates  on  heating  at  the 
Acl  temperature  and  is  completed  at  the  Ac3  tem¬ 
perature,  although  these  transformation  tempera¬ 
tures  may  be  shifted  upward  by  the  rapid  tem¬ 
perature  gradient  induced  by  the  laser  pulse. 
Consequently,  interfaces  between  the  martensitic 
zones  corresponding  to  the  Acl,  Ac3,  and  melting 
temperatures  should  have  been  observed.  Unfor¬ 
tunately,  only  two  interfaces  were  detected  in  the 
AISI  4340  steel  specimens,  and  the  interface  be¬ 
tween  the  reci  vstallized  layer  and  the  martensitic 
layer  in  the  iron  specimens  was  not  sharply  de¬ 
fined.  This  broad  interface  in  the  iron  specimens 
may  have  corresponded  to  the  Acl-Ac3  zone,  par¬ 
ticularly  since  the  carbon  profile  was  relatively 
low  in  this  region.  However,  the  number  of  inter¬ 
faces  in  the  martensitic  zones  could  not  be  used 
unambiguously  to  determine  the  position  of  the 
melting  interface.  Solid-liquid  interfaces  in 
welded  steel  structures  usually  are  delineated 
with  a  debris  layer  of  inclusions  and  precipitates. 
Therefore,  evidence  of  the  molten  interface 
should  have  been  apparent  in  the  martensitic 
zone  if  extensive  melting  did  occur,  but  no  evi¬ 
dence  of  melting  was  found.  Apparently,  the 
rapid  heating  and  cooling  rates  in  the  laser-pulsed 
specimens  must  have  precluded  this. 

The  positions  of  solid-liquid  interfaces 
should  have  been  evident  in  the  SIMS  12C  depth 
profiles.  Diffusion  coefficients  in  molten  material 
usually  are  at  least  a  few  orders  of  magnitude 
greater  than  bulk  diffusion  coefficients  in  the  solid 
state.  The  increased  diffusivity  in  the  molten  zone 
should  result  in  a  definite  decrease  in  the  12C  pro¬ 
file  between  the  molten  and  crystalline  zones,  al¬ 
though  the  molten  interface  does  sweep  in  and 
out  of  the  specimen  during  the  heating  and  cool¬ 
ing  cycles  of  the  laser  pulse.  Examination  of  the 
12C  profiles  in  the  pure  iron  specimens  indicates 
that  this  did  not  occur  within  the  martensitic 
zones.  In  fact,  the  12C  profiles  appeared  to  de¬ 
crease  smoothly  through  the  interface  between 
the  martensitic  and  recrystallized  layers  and  well 
into  the  recrystallized  layer,  although  this  may  be 
an  artifact  of  redeposition  contamination  in  the 
ion  microanalyzer,  as  discussed  previously.  Con¬ 
trary  to  previous  arguments,  this  could  imply  that 


the  entire  martensitic  layer  was  molten.  Examina¬ 
tion  of  diffusion  penetration  distances  provides 
some  insight  to  this  problem. 

The  penetration  distance  of  a  diffusing  spe¬ 
cies  can  be  approximated  by  2 (Dt)l/2  where  D  is 
the  diffusion  coefficient  at  the  diffusion  tempera¬ 
ture  and  t  is  the  diffusion  time.  To  simplify  this 
approximation,  a  square-wave  temperature  profile 
will  be  assumed  to  persist  for  t  =  10 “3  s  with  T  = 
1500°C.  This  is  considered  to  be  a  strong  over¬ 
statement  of  the  actual  conditions.  The  time  is 
slightly  longer  than  the  600-/xs  duration  of  the 
laser  pulse,  and  the  temperature  is  slightly  higher 
than  the  peritectic  temperature  for  the  decomposi¬ 
tion  of  austenite  into  delta  ferrite  and  liquid  iron. 
The  diffusion  coefficient  for  carbon  in  austenite  at 
a  pressure  of  one  atmosphere  is  taken  as  D  =  0.15 
exp  (  — 34000/RT)  cm2/s  where  R  is  the  universal 
gas  constant.18  These  values  yield  a  penetration 
distance  for  carbon  in  austenite  of  2.0  /urn  for  one 
laser  pulse  and  6.3 /on  for  10  laser  pulses  (the 
penetration  distance  scales  as  the  square  root  of 
the  number  of  pulses).  This  estimated  penetration 
distance  for  10  pulses  is  considerably  less  than  the 
actual  depths  attained  in  Iron  43  and  Iron  50, 
which  were  tested  at  150  psi.  Lazarus19  has  shown 
that  the  partial  derivative  of  the  diffusion  coef¬ 
ficient  with  respect  to  pressure  is  proportional  to 
the  negative  of  the  activation  volume;  the  activa¬ 
tion  volume  usually  is  positive,  so  an  increase  in 
pressure  would  decrease  the  penetration  distance, 
but  this  effect  is  not  very  significant.  Therefore, 
the  depth  of  carbon  penetration  that  occurred  in 
the  iron  specimens  does  not  appear  to  be  related 
to  solid-state  diffusion. 

Factors  that  could  increase  the  depth  of  car¬ 
burization  in  the  solid  state  are  plastic  deforma¬ 
tion  caused  by  the  pressure  wave  induced  by  the 
laser  pulse  and  the  dilatation  strain  imposed  by 
the  martensitic  transformation.  Wriedt  et  al.20 
have  reported  the  enhancement  of  nitrogen 
solubility  in  shock-loaded  iron,  and  Hirano  et  al.21 
observed  a  definite  increase  in  the  self-diffusivity 
of  gold  and  silver  due  to  concomitant  plastic  flow. 
An  important  contribution  to  this  enhanced  diffu¬ 
sion  would  be  the  production  of  an  increased  va¬ 
cancy  concentration  during  the  laser  pulse.  Evi¬ 
dence  of  vacancy  production  by  laser-pulsing  and 
shock-loading  has  been  described  by  Metz  and 
Smidt22  and  Murr  et  al.23,2*  In  addition,  Clinard 
and  Sherby25  have  shown  that  diffusion  can  be 
enhanced  by  a  factor  of  two  by  repetitive  mar¬ 
tensitic  transformations.  However,  these  mecha¬ 
nisms  would  be  expected  to  increase  the  penetra¬ 
tion  distances  only  by  a  factor  of  two  or  three  and 


still  do  not  appear  to  account  for  the  total  penetra¬ 
tion  distance. 

Diffusion  coefficients  for  molten  metals  usu¬ 
ally  are  two  to  three  orders  of  magnitude  greater 
than  for  the  metals  in  their  crystalline  state.  If  a 
diffusion  coefficient  of  10-3  cm2/s  is  assumed  for 
molten  iron,  the  approximate  penetration  distance 
would  be  of  the  order  of  20  jtm  for  a  single  pulse 
and  60  jim  for  10  pulses.  This  is  within  the  range 
that  occurred  in  this  study,  and  it  is  consistent 
with  the  observation  that  surface  melting  was 
necessary  for  the  inward  diffusion  of  interstitials 
to  occur.  Even  though  these  approximations  ap¬ 
pear  to  support  the  presence  of  a  molten  surface 
layer,  they  do  not  unambiguously  resolve  the 
question  of  whether  or  not  a  molten  layer  did 
form  and,  if  so,  the  depth  to  which  it  may  have 
penetrated. 

Laser  Damage  Mechanisms 

Previous  laser  studies  on  copper26  revealed 
specific  beam-energy  thresholds  existed  for  the 
various  damage  mechanisms  to  occur.  No  attempt 
was  made  in  this  study  to  determine  the  threshold 
energy  levels,  but  a  similar  sequence  of  damage 
mechanisms  was  observed.  In  the  iron  specimens, 
the  sequence  from  low  to  high  energy  levels  was 

1.  Plastic  deformation. 

2.  Recrystallization. 

3.  Recrystallization  along  with  transforma¬ 
tion  to  austenite  and  subsequent  martens¬ 
ite  formation  during  cooling. 

4.  Surface  melting  followed  by  formation  of  a 
fine-grained  solidified  structure  on  cooling 
and  subsequent  martensite  formation. 

5.  Liquid-metal  splattering  and  vaporization. 
Vaporization  and  liquid-metal  splattering  is  a  ma¬ 
jor  mechanism  for  the  loss  of  material  from  sur¬ 
faces  exposed  to  high-energy  laser  beams.  Fur¬ 
thermore,  this  could  be  an  equally  important 
mechanism  in  high-temperature  erosion/corrsion 
environments,  although  this  mechanism  can  be 
controlled  by  judicious  material  selection.  Since 
the  possibility  existed,  however,  that  operation  of 
these  mechanisms  would  remove  the  evidence  of 
surface  chemical  reactions  that  was  sought,  the 
laser-pulsing  experiments  were  conducted  below 
the  energy  threshold  for  vaporization  and  liquid- 
metal  splattering. 

This  sequence  of  damage  mechanisms  was 
slightly  modified  in  the  AISI  4340  steel  specimens. 
The  yield  strength  apparently  was  too  high  for 


detectable  deformation  to  occur,  and  recrystalliza¬ 
tion  did  not  occur.  Thus,  only  mechanisms  3  and  4 
were  observed  in  the  AISI  4340  steel  specimens. 
Similar  sequences  are  expected  to  occur  in  materi¬ 
als  subjected  to  erosion/corrosion  conditions.  The 
difference  in  the  behavior  of  the  iron  and 
AISI  4340  steel  specimens  demonstrates  the  im¬ 
portant  role  of  microstructure  in  specimen  re¬ 
sponse,  particularly  below  the  energy  threshold 
for  surface  melting. 

In  pulsed,  high-temperature  erosion/ 
corrosion  environments,  the  occurrence  of  these 
damage  mechanisms  would  produce  cyclic  defor¬ 
mation  of  sufficient  magnitude  that  the  formation 
of  fatigue  cracks  could  result.  In  materials  subject 
to  martensitic  transformations  such  as  steels,  the 
dilatation  that  occurs  during  transformation  also 
would  contribute  to  the  cyclic  deformation.  Com¬ 
positional  changes  caused  by  surface  chemical  re¬ 
actions  would  accelerate  these  mechanisms  and 
contribute  to  more  rapid  deterioration  of  the 
material. 

The  depth  of  the  crater  formed  by  laser-puls¬ 
ing  was  considerably  greater  at  15  psi  than  it  was 
at  150  psi.  This  conforms  to  previous  studies  of 
laser-induced  crater  formation  by  Rykalin  et  al.27 
As  discussed  previously,  crater  formation  appears 
to  occur  by  the  extrusion  of  material  from  the  cen¬ 
tral  portion  of  the  impact  area.  Therefore,  one  of 
the  effects  of  increased  gas  pressure  apparently  is 
to  mechanically  resist  the  extrusion. 

The  preferential  response  of  inclusions  to 
laser-pulsing  is  another  damage  mechanism  that 
is  considered  to  be  important  in  this  study.  As 
stated  previously,  this  response  undoubtedly  is  re¬ 
lated  to  the  optical  properties  of  the  inclusions, 
which  would  increase  energy-coupling  of  the 
laser  beam  with  them.  However,  it  demonstrates 
the  potential  effect  that  low-melting  inclusions 
could  have. 

The  change  of  the  reflectivity  of  metallic  sur¬ 
faces  by  repetitive  laser  pulses  has  been  character¬ 
ized  by  Ready.28  The  reflectivity  of  polished  sur¬ 
faces  normally  decreases,  and  this  increases  the 
energy  adsorption  of  the  specimen.  However,  en¬ 
ergy  adsorption  remained  essentially  constant  in 
the  pressure-chamber  experiments  for  all  gases 
except  air  (Table  3).  Specimens  pulsed  in  air  did 
show  a  substantial  increase  in  energy  absorption 
during  the  first  few  pulses  before  leveling  off.  An 
oxide  film  formed  on  these  specimens,  and  this 
obviously  was  related  to  the  gradual  change  in  the 
surface  optical  properties  as  the  film  formed.  The 
fact  that  increases  in  energy  absorption  did  not 


occur  with  the  other  gases  used  in  this  study  indi¬ 
cates  that  the  contamination  levels  were  suffi¬ 
ciently  low  to  prevent  film  formation. 

Laser-Induced  Surface  Structures 

The  formation  of  the  fine  globular  structure 
on  the  surfaces  of  the  melted  regions  appeared  to 
be  associated  with  the  presence  of  carbon.  It  was 
present  on  the  AIS1  4340  steel  specimens  laser- 
pulsed  in  both  10%  methane/argon,  which  was 
carburizing,  and  in  argon,  which  was  slightly  oxi¬ 
dizing.  Previous  work  indicated  that  it  also 
formed  on  A1S1  4340  steel  specimens  laser-pulsed 
in  air.  It  did  not  form  in  pure  iron  specimens  laser- 
pulsed  in  argon,  carbon  monoxide,  nitrogen,  or 
ammonia.  Even  though  carbon  monoxide  is  a  car¬ 
burizing  gas  under  reducing  conditions,  the  SIMS 
analysis  revealed  that  substantial  oxidation  oc¬ 
curred  with  carburization  in  pure  iron.  The  globu¬ 
lar  structure  was  present  in  pure  iron  specimens 
only  after  laser-pulsing  in  10%  methane/argon, 
and  only  after  two  to  five  pulses.  This  implies  that 
the  surface  carbon  content  had  to  increase  before 
the  structure  formed. 

Similar  globular  structures  have  been  ob¬ 
served  on  the  surfaces  of  rapidly  cooled  metallic 
powder  particles,2930  and  the  structures  were  re¬ 
lated  to  dendritic  solidification.  Therefore,  the 
globular  structure  definitely  appears  to  have  re¬ 
sulted  from  dendritic  solidification.  The  interstices 
in  the  globular  structure  probably  were  formed  by 
the  interdendritic  precipitation  of  carbon.  Refer¬ 
ring  to  the  iron-carbon  phase  diagram,14  the  rela¬ 
tively  small  volume  of  the  interstices  indicates 
that  they  were  associated  with  graphite  rather 
than  cementite.  This  interpretation  is  supported 
by  the  observation  of  Speich31  that  graphite  forms 
on  the  surfaces  of  melted  hypoeutectoid  steels. 
The  high  oxygen  content  generated  during  laser¬ 
pulsing  in  carbon  monoxide  appears  to  have  pre¬ 
vented  the  retention  of  graphite.  The  interstices  of 
the  globular  structure  appear  to  be  voids  in  the 
SEM  micrographs,  and  a  slight  amount  of  oxida¬ 
tion  occurred  in  nearly  all  of  the  experiments.  This 
implies  that  the  graphite  was  removed  by  reacting 
with  oxygen  to  form  gaseous  carbon  monoxide. 
Furthermore,  optical  metallography  indicated  that 
the  globular  structure  did  not  penetrate  into  the 
specimen  but  was  restricted  to  the  surface.  This 
supports  the  contention  that  graphite  formed  only 
on  the  surface. 


Correlation  of  Laser-Induced  Surface 
Chemistry  Reactions  and  Damage 
Mechanisms  to  Erosion /Corrosion 
Mechanisms 

The  successful  culmination  of  this  study  ulti¬ 
mately  will  include  meaningful  mathematical 
treatments  to  simulate  the  damage  mechanisms 
that  operate  during  erosion/corrosion  reactions. 
Such  treatments  must  include  the  kinetics  of 
chemical  composition  changes  produced  by  sur¬ 
face  chemical  reactions.  This  normally  involves 
the  use  of  equilibrium  reaction-rate  constants  for 
isothermal  reactions,  but  equilibrium  reaction-rate 
constants  are  not  formally  applicable  to  the  highly 
transient  types  of  reactions  of  interest  in  this  study 
unless  instantaneous  reaction-rate  data  are  avail¬ 
able.  An  alternate  treatment  of  the  data,  suggested 
in  Appendix  1,  involves  formulation  of  an  effec¬ 
tive  reaction-rate  constant.  The  effective  reaction- 
rate  constant  closely  parallels  the  equilibrium  re¬ 
action-rate  constant,  but  it  monitors  net  chemical 
composition  changes  on  a  pulse-by-pulse  basis. 
Effective  reaction-rate  coefficients  should  provide 
reasonable  estimates  of  the  amounts  of  reactive 
elements  that  diffuse  into  a  specimen  during  a 
single  pulse.  As  suggested  in  Appendix  1,  con¬ 
centration  gradients  would  be  assumed  to  remain 
constant  during  an  individual  pulse,  but  the  con¬ 
centration  gradient  would  be  adjusted  on  a  pulse- 
by-pulse  basis  through  the  effective  reaction-rate 
constant.  This  concept  would  greatly  simplify  the 
mathematical  modeling  of  erosion/corrosion 
reactions. 

While  material  loss  by  vaporization  and  sur¬ 
face  melting  can  be  reduced  in  erosion/corrosion 
environments  by  proper  design  and  material  se¬ 
lection,  the  plastic  deformation  of  the  substrate 
material  that  accompanies  these  reactions  is  diffi¬ 
cult  to  eliminate,  particularly  in  highly  transient 
pressure  and  flow  environments.  Accumulation  of 
plastic  deformation  ultimately  will  lead  to  crack 
formation,  and  crack  formation  can  be  accelerated 
significantly  in  a  reactive  environment.  At  the 
outset  of  this  program,  we  hoped  to  generate  in¬ 
formation  on  the  extent  to  which  surface  chemical 
reactions  affected  plastic  deformation.  Unfortu¬ 
nately,  work  has  not  progressed  to  that  point,  and 
the  effect  of  surface  chemical  reactions  on  the  ma¬ 
terial  parameters  that  control  erosion/corrosion  is 
difficult  to  assess.  This  issue  is  addressed  in  Ap¬ 
pendix  5,  which  presents  a  simplified  dislocation 
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dynamics  model  for  erosion/corrosion  and  dis¬ 
cusses  possible  effects  of  surface  chemical  reac¬ 
tions  on  many  of  the  material  parameters 
involved. 

Deep  craters  formed  at  low  pressure  in  these 
experiments  appeared  to  be  enhanced  by  the  ex¬ 
trusion  of  material  by  the  stress  waves  generated 
by  the  laser  pulse.  The  extruded  material  was  de¬ 
posited  on  the  rim  of  the  crater.  This  suggested 
that  a  similar  effect  could  be  of  importance  in 
erosion/corrosion  mechanisms  caused  by  a  simul¬ 
taneous  pressure  and  thermal  pulse.  If  the  thermal 
pulse  precedes  the  pressure  pulse,  molten  material 
could  be  extruded  slightly  ahead  of  the  pressure 
pulse  in  the  pulse  direction.  If  the  pressure  pulse 
precedes  the  thermal  pulse,  the  molten  material 
would  be  extruded  in  the  back  direction,  and  this 
probably  would  produce  periodic  asperities. 
These  asperities  could  then  be  subjected  to  mate¬ 
rial  removal  by  the  next  pressure  pulse.  Although 
this  extrusion  mechanism  is  speculative,  it  corre¬ 
lates  with  the  frequently  observed  fact  that 
erosion/corrosion  rates  are  accelerated  when  sur¬ 
face  melting  occurs.  This  mechanism  would  be  ac¬ 
celerated  by  the  inward  diffusion  of  surface  reac¬ 
tion  products  such  as  carbon  and  nitrogen  that 
lower  the  melting  point. 

Although  the  preferential  response  of  inclu¬ 
sions  in  the  laser-pulsing  experiments  may  have 
occurred  largely  because  of  the  optical  properties 
of  the  inclusions,  this  nevertheless  implicates  the 
importance  of  inclusions  in  erosion/corrosion 


Summary  and 

The  results  generated  in  this  study  verify  that 
gaseous  erosion/corrosion  surface  reactions  can 
be  sustained  in  the  laser  pressure-chamber  system 
and  that  specimen  response  is  extremely  sensitive 
to  the  environment.  These  results  also  demon¬ 
strate  that  reliable  and  consistent  data  can  be  gen¬ 
erated  with  the  laser  pressure-chamber  system. 

Iron  was  an  ideal  modelling  material  for 
these  experiments.  The  purity  was  sufficiently 
high  to  permit  unambiguous  detection  of  the  vari¬ 
ous  damage  mechanisms  that  operated  and  micro¬ 
analysis  of  the  chemical  composition  changes  that 
occurred. 

SIMS  ion  microanalysis  has  excellent  sensi¬ 
tivity  for  the  detection  of  changes  in  the  con¬ 
centration  of  interstitial  elements  that  result  from 
laser-induced  surface  chemical  reactions.  Nitrogen 
is  difficult  to  analyze  by  SIMS,  but  reliable  in¬ 


mechanisms.  Inclusions  represent  a  point  of 
elastic/plastic  incompatibility  that  can  be  magni¬ 
fied  by  differences  in  the  thermal  coefficients  of 
expansion  and  diffusion  between  the  inclusions 
and  the  base  metal.  This  difference  creates  local 
stress  concentrations  that  are  conducive  to  crack 
formation.  Consequently,  inclusions  can  be  an  im¬ 
portant  source  of  crack  initiation,  particularly  in 
pulsed  erosion/corrosion  environments. 

These  experiments  also  provided  some  in¬ 
formation  on  the  use  of  refractory  coatings  on  ma¬ 
terials  to  be  used  in  pulsed,  high -temperature 
erosion/corrosion  environments.  The  experiments 
on  the  tungsten-coated  steel  specimens  demon¬ 
strated  the  viability  of  the  laser  system  for  testing 
the  mechanical  stability  of  coatings.  The  observa¬ 
tion  that  the  products  of  surface  chemical  reac¬ 
tions  did  not  penetrate  significantly  into  the  sub¬ 
strate  unless  surface  melting  occurred  correlates 
with  the  use  of  refractory  coatings  to  increase  the 
melting  point  of  the  surface.  If  coatings  are  ap¬ 
plied  to  substrates  such  as  steel  that  are  subject  to 
solid-state  transformations,  the  results  of  this 
study  also  indicate  that  the  coating  should  be  suf¬ 
ficiently  thick  to  prevent  the  critical  transforma¬ 
tion  temperatures  from  being  reached  in  the  sub¬ 
strate.  This  will  eliminate  the  contribution  of  the 
dilatation  strains  associated  with  the  transforma¬ 
tion  to  the  cyclic  stresses  on  the  coating,  although 
a  trade-off  may  be  necessary  since  the  brittleness 
of  many  refractory  coatings  increases  with 
thickness. 


Conclusions 

formation  on  nitrogen  was  obtained  from  the 
analyses  of  molecular  combinations  of  nitrogen 
with  other  elements. 

Surface  chemical  reactions  induced  by  laser¬ 
pulsing  resulted  in  the  inward  diffusion  of  inter¬ 
stitial  elements,  providing  the  energy  threshold 
for  surface  melting  was  exceeded.  Reactions  in¬ 
volving  carbon,  nitrogen,  and  oxygen  were  de¬ 
tected,  depending  on  the  environment,  and  sig¬ 
nificant  amounts  of  these  elements  diffused  into 
the  specimens  even  within  the  short  time  frame  of 
the  laser  pulse.  This  demonstrated  that  specimen 
response  was  highly  sensitive  to  the  environment. 

Laser-pulsing  in  argon  resulted  in  significant 
increases  in  oxygen  and  nitrogen  in  the  surface 
layers.  This  is  suspected  to  arise  from  air  contami¬ 
nation  and  perhaps  some  water  contamination. 
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Laser-pulsing  in  10%  methane/argon  resulted 
in  a  significant  increase  in  carbon  in  the  surface 
layer,  along  with  minor  and  somewhat  sporadic 
amounts  of  oxygen. 

Laser-pulsing  in  carbon  monoxide  resulted  in 
an  unexpectedly  high  concentration  of  oxygen  in 
the  surface  layer,  and  significantly  less  carbon 
than  produced  by  10%  methane/argon. 

Laser-pulsing  in  nitrogen  and  ammonia  did 
yield  higher  nitrogen  levels  in  the  surface  layers, 
but  not  nearly  to  the  same  extent  as  carbon  in  the 
carburizing  gases.  The  nitrogen  level  appeared  to 
be  slightly  higher  in  the  specimen  pulsed  in  nitro¬ 
gen  than  in  the  specimen  pulsed  in  ammonia. 

.  Carbon  did  not  appear  to  diffuse  into  the 
AISI 4340  steel  specimens  laser-pulsed  in  10% 
methane/argon,  although  oxygen  did.  This  indi¬ 
cated  that  the  quasi-equilibrium  level  for  10% 
methane/argon  in  these  experiments  was  of  the 
order  of  0.4  wt%. 

In  addition  to  the  chemical  composition 
changes,  the  sensitivity  of  specimen  response  to 
the  environment  during  laser-pulsing  also  was  re¬ 
flected  in  subtle  differences  in  both  the  surface 
structures  and  the  subsurface  martensitic 
structures. 

The  position  of  the  interface  between  the 
melted  surface  layer  and  the  substrate  was  diffi¬ 
cult  to  detect. 

The  damage  mechanisms  observed  to  operate 
in  the  laser-pulsed  specimens  appeared  to  corre¬ 
late  reasonably  well  with  damage  mechanisms 
that  are  expected  to  operate  in  erosion/corrosion 
environments. 

The  sequence  of  damage  mechanisms  ob¬ 
served  in  iron  specimens  with  increasing  beam 


energy  was  (1)  plastic  deformation,  (2)  recrvstalli- 
zation,  (3)  recrystallization  and  transformation  to 
austenite  on  heating  and  transformation  to  mar¬ 
tensite  on  cooling,  and  (4)  surface  melting  on 
heating,  and  formation  of  a  fine-grained  solidified 
structure  and  subsequent  martensite  formation  on 
cooling.  The  beam  energy  was  held  below  the 
threshold  for  liquid-metal  splattering  and 
vaporization. 

The  sequence  of  damage  mechanisms  ob¬ 
served  in  the  AISI  4340  steel  specimens  was  (1) 
transformation  to  austenite  on  heating  and  trans¬ 
formation  to  martensite  on  cooling,  and  (2)  sur¬ 
face  melting  on  heating,  and  formation  of  a  fine¬ 
grained  solidified  structure  and  subsequent 
martensite  formation  on  cooling. 

The  slightly  different  specimen  response  be¬ 
tween  iron  and  AISI  4340  steel  specimens  demon¬ 
strated  the  importance  of  the  role  of  microstruc¬ 
ture  in  specimen  response,  particularly  below  the 
energy  threshold  for  surface  melting. 

The  fraction  of  the  beam  energy  absorbed  by 
a  specimen  was  surprisingly  constant  during  a  se¬ 
ries  of  shots  except  for  the  samples  tested  in  air 
(Iron  68  and  Iron  69).  The  formation  of  an  oxide 
film  in  the  air  tests  caused  a  substantial  increase  in 
energy  absorption  during  the  first  few  shots  be¬ 
fore  leveling  off. 

The  laser  system  can  produce  useful  data  on 
the  performance  of  candidate  coating  materials  for 
erosion/corrosion  applications.  The  results  of  this 
study  confirm  the  previous  finding  that  increasing 
the  thickness  of  the  intermediate  nickel  coating 
does  reduce  the  tendency  of  the  tungsten  overlay 
to  crack,  but  the  effect  is  relatively  small. 
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Introduction 


Various  types  of  gaseous  surface  chemical  reactions  that  may  occur  in  erosion/corrosion  reactions  are 
presented  in  this  appendix.  The  primary  gaseous  products  generated  in  many  erosion/corrosion  environ¬ 
ments  are  CO,  C02,  H2,  H20,  N2,  and  NOx.  In  reducing  environments  that  would  occur  with  02  depletion 
or  incomplete  combustion,  carburizing  and  nitriding  reactions  probably  would  be  the  dominant  surface 
reactions.  Under  certain  temperature  and  pressure  conditions,  however,  the  environment  can  be  net- 
oxidizing  with  oxidation  being  the  dominant  surface  reaction.  Impurities  or  minor  constituents  can  signifi¬ 
cantly  modify  these  surface  chemical  reactions.  One  of  the  more  important  minor  constituents  could  be 
H2S  or  related  sulfur  bearing  compounds.  The  presence  of  S  in  hot  corrosion,  even  in  trace  amounts,  can 
significantly  increase  corrosion  rates  and  may  form  highly  deleterious,  low-melting-point  compounds 
along  the  grain  boundaries  of  the  substrate.  Although  impurity  effects  were  not  included  in  this  program, 
they  definitely  should  be  considered  in  future  studies  of  this  nature. 

The  reactions  described  in  this  appendix  are  generally  equilibrium  reactions.  The  kinetics  of  these 
reactions  usually  are  determined  in  steady-state  isothermal  experiments,  and  reaction  rate  constants  ob¬ 
tained  from  these  experiments  are  rigorously  applicable  only  under  the  restricted  set  of  conditions  that 
existed  in  the  experiments.  Both  the  thermal  and  the  pressure  pulses  that  occur  in  many  erosion/corrosion 
environments  are  highly  transient;  therefore,  the  kinetics  approach  under  equilibrium  conditions  is  not 
rigorously  applicable.  At  best,  equilibrium  reaction-rate  data  may  serve  as  a  useful  first-order  approxima¬ 
tion  to  estimate  instantaneous  reaction  rate  kinetics.  Since  reaction  rate  kinetics  are  important  in  the 
quantitative  analysis  of  erosion/corrosion  data,  a  modified  technique  will  be  suggested  that  should  be 
particularly  applicable  to  mathematical  modelling. 


Carburizing  Reactions 

Carburizing  reactions  involve  the  decomposition  of  either  gaseous  or  solid  carbonaceous  products  in 
a  reducing  atmosphere.  Some  of  the  major  carburizing  reactions  of  interest  in  erosion/corrosion  are 


CH4  -  C  +  2H2 

(1) 

2CO  —  C  +  C02 

(2) 

CO  +  h2  —  c  +  h2o 

(3) 

co2  +  h2  —  CO  +  h2o 

(4) 

Reaction  (4)  is  generally  referred  to  as  the  water-gas  reaction,  and  the  CO  produced  by  this  reaction  is 
considered  to  decompose  by  reaction  (2).  The  reactants  and  products  in  these  reactions  are  gaseous  except 
for  C,  which  is  underlined  to  indicate  that  it  is  in  solution  either  in  the  molten  or  the  solid  substrate. 


Nitriding  Reactions 

The  most  common  gaseous  reaction  used  in  industrial  nitriding  involves  the  dissociation  of  NH3. 
Other  reactions  of  interest  in  erosion/corrosion  involve  the  dissociation  of  N2  and  the  reduction  of  gas¬ 
eous  NO,: 


NHj  -  N  +  3/2  H2 

(5) 

N2  -  2N 

(6) 

NO,  +  xH2  —  N  +  xH20 

(7) 

NO,  —  N  +  x/2  02 

(8) 

As  in  the  carburizing  reactions,  N  indicates  N  in  solution  in  either  the  molten  or  the  solid  substrate. 
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Oxidizing  Reactions 

Whereas  the  reactive  atmoshpere  in  many  erosion/corrosion  environments  may  be  net-reducing 
within  one  temperature  range,  the  same  atmosphere  can  be  net-oxidizing  in  other  temperature  ranges. 
Therefore,  oxidizing  reactions  also  must  be  considered  in  erosion/corrosion  reactions.  These  reactions  can 
be  quite  complex  if  an  oxide  scale  forms.  Examples  of  typical  reactions  to  be  considered  in 
erosion/corrosion  are 


02  —  20 

(8) 

CO  —  c  +  o 

(9) 

h2o  —  o  +  h2 

(10) 

Fd  +  H20  —  FeO  +  H2 

(ID 

3FeO  +  H20  —  Fe304  +  H, 

(12) 

Fe  +  C02  —  FeO  +  CO 

(13) 

FeO  +  C02  —  Fe304  +  CO 

(14) 

Again,  O  indicates  O  in  solution.  If  O  is  introduced  into  solution  by  reactions  (8)  through  (10),  it  could 
subsequently  react  with  C  and  N  in  solution  to  form  gases  such  as  CO  and  NOx.  If  such  reactions  do 
occur,  they  would  lead  to  the  formation  of  subsurface  porosity,  which  would  contribute  to  and  possibly  be 
a  major  factor  in  erosion/corroson  mechanisms.  Although  such  a  reaction  is  hypothetical,  it  is  mentioned 
here  to  demonstrate  the  high  degree  of  complexity  of  erosion/corrosion  reactions. 

Many  materials  such  as  steel  are  susceptible  to  hydrogen  embrittlement.  H2  gas  can  dissociate  on  the 
surface  and  be  absorbed  into  the  substrate.  The  dissociation  is  given  by: 

H2  —  2H  (15) 


Sulfidizing  Reactions 

Sulfur-bearing  gases  such  as  H2S  and  S02  can  be  extremely  deleterious  to  many  materials  at  elevated 
temperatures.  Sulfur  is  known  to  cause  hot  shortness  in  steels,  and  sulfur-bearing  gases  can  increase  the 
rate  of  scale  formation.  The  presence  of  S02  can  promote  the  formation  of  both  NiS  and  NiO  in  high-Ni 
steels  and  form  an  alligator  surface.  Such  surfaces  are  observed  in  the  early  stages  of  gun-barrel 
erosion/corrosion.  Reactions  of  interest  are 

H2S  —  H2  +  S  (16) 

2S02  +  3Fe  +  2Ni  —  Fe203  +  FeS  +  NiO  +  NiS  (17) 


Kinetics 

Many  of  the  reactions  listed  in  this  appendix  have  been  studied  extensively  under  equilibrium  condi¬ 
tions,  and  equilibrium  reaction-rate  constants  have  been  determined  for  a  wide  range  of  conditions.  As 
mentioned  in  the  introduction,  these  equilibrium  reaction-rate  constants  are  not  formally  applicable  to  the 
highly  transient  response  that  occurs  in  erosion/corrosion  reactions.  Therefore,  an  alternate  treatment  is 
required,  particularly  for  the  ultimate  goal  of  modelling  erosion/corrosion  reactions.  The  most  obvious 
approach  is  to  develop  an  effective  reaction-rate  constant  that  relates  the  amount  of  reactant  injected  into 
a  specimen  to  the  energy  released  during  the  erosion/corrosion  event  (the  laser-pulse  energy  in  these 
experiments),  the  duration  of  the  pulse,  and  the  partial  pressures  of  the  reacting  gases. 


For  a  first  approximation  in  mathematical  modelling,  instantaneous  reaction  rates  could  be  ignored 
and  the  effective  reaction-rate  constant  could  be  related  to  the  amount  of  reactant  accumulated  in  the 
substrate  during  a  single  pulse.  In  a  treatment  such  as  is  outlined  in  Appendix  5,  the  composition  gradients 
nou  d  be  held  constant  during  the  computer  simulation  of  a  single  pulse,  and  the  composition  gradient 
vv'ou'd  be  adjusted  through  use  of  the  effective  reaction-rate  constant  prior  to  the  next  pulse  simulation 
This  will  be  a  reasonable  approximation  if  the  amount  of  reaction  products  injected  into  a  substrate  during 
a  sing  e  pulse  is  small.  This  should  be  the  case  for  most  erosion/corrosion  reactions. 
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Engineering  Safety  Evaluation  of  the  Pressure-Chamber  System 


LAWRENCE  LIVERMORE  LABORATORY  -  UNIVERSITY  OF  CALIFORNIA 

ENGINEERING  NOTE _ 

JECT _ ADDENDUM  TO  MECHANICAL  ENGINEERING  SAFETY  MOTE 

5-PORTED  VESSEL 


file  no. 


ENS  79-968 _ 

N  AMF  _  _  , 

D.  I.  Chamoer 
DATE  Feb.  18,  1982 


P  AG t 
1 


s 


ADDENDUM  TO  ENS79-968 
5-PORTED  VESSEL 


Prepared  by: 


Diane  I.  Chambers 
Responsible  Individual 
Engineering  Sciences  Division 


Checked 


C  * 


n 

b.y:  yoc^oe^d _ 

Jaimes  C.  Swingle,  Section 
Authorized  Individual 
Engineering  Sciences  Division 


Ueader 


Reviewed 


/j/  Uy 


Roger/W.  Werne,  Division  Leader 
Engineering  Sciences  Division 


Distribution: 

A.  Buckingham 
6.  Carter 
D.  Chambers 
C.  Price 
R.  Sherry 
J.  Swingle 
R.  Trusty 
R.  Werne/J.  Mahler 
ME  Library 


MAWP  =  maximum  allowable  working  pressure 

HOP  =  maximum  operating  pressure 

KESM  =  Mechanical  Engineering  Safety  Manual 


68 


LAWRENCE  LIVERMORE  LABORATORY  •  UNIVERSITY  OF  CALIFORNIA 

ENGINEERING  NOTE 

FILE  NO. 

ENS  79-968 

P  AGE 

2 

suBJtCT  ADDENDUM  TO  MECHANICAL  ENGINEERING  SAFETY  NOTE 

NA“E  D.  I.  Chambers 

5-PORTED  VESSEL 

DATE  Feb.  18.  1982 

A.  DESCRIPTION 


This  safety  note  addresses  the  modification  of  the  5-ported  pressure 

vessel  assembly  in  B131,  Room  1441,  used  to  study  the  mechanisms  of  gun 

barrel  erosion.  The  vessel  itself  remains  unchanged  (Dwg. 

70-105078-00)  but  in  place  of  the  sapphire  window  at  the  lower  port 

(indicated  in  Figure  1)  a  tube  extension  (Figure  2)  will  be  added, 

through  which  a  sample  on  a  long  attenuation  rod  will  be  inserted.  The 

vessel  end  of  the  extension  has  an  0-ring  seal;  the  far  end  is  sealed 

with  a  Conax  fitting  TG20B4V  rated  for  10  ksi  (69  Mpa).  The  MAWP  and 

MOP  of  the  assembly  will  remain  at  2500  psi  (17.2  MPa)  and  2000  psi 

(13.8  MPa)  respectively  as  described  in  ENS  79-968.  The  gases  to  be 

used  have  been  narrowed  down  to  argon,  carbon  dioxide,  carbon  monoxide 

and  moist  air;  nitrogen  and  oxygen  have  been  eliminated;  argon  with  \% 

methane  has  been  substituted  for  methane.  All  gases  (except  moist  air) 

3  3 

will  be  dispensed  from  size  N  gas  cylinders  (13  ft  (.368  m  )  at 
S.T.P.).  A  100  Joule  laser  with  a  1  ms  pulse  length  replaces  the  15 
Joule  laser  with  a  40  ns  pulse  length.  The  effect  of  this  laser  change 
on  the  sapphire  window  is  examined  and  its  safeness  verified  should  the 
assembly  ever  revert  back  to  its  original  configuration.  The 
responsible  operating  persons  are  Bob  Trusty  and  Gary  Carter  of 
Mechanical  Engineering  for  Cliff  Price  and  A1  Buckingham  of  Chemistry. 

B.  HAZARDS 


The  hazards  remain  the  same  as  cited  in  ENS  79-968,  those  hazards 
associated  with  high  pressure  gases,  chemical  reactivity  and  toxicity, 
and  high  power  lasers. 
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The  tube  extension, since  it  is  occupied  by  the  attenuation  rod  during 
pressurization  .contributes  very  little  extra  volume  to  the  system  and 
so  the  energy  content  of  the  compressed  gas  remains  as  calculated  in 
ENS  79-968 

U  =  .55  g  TNT 

CALCULATIONS 

Tube  Extension  Wall  Strength 

The  strength  of  the  tube  extension  must  be  examined.  The  thinnest 
wall  section  occurs  at  the  0-ring  seat  where 


do 

di 

do/di 


1.25  in 

.9375 

1.33 


thick  walled  vessel 


The  MAWP  is  given  by  the  MESM  as 


MAWP 


u 

SF 


d2 

i 


d2  +  d? 


i  J 


For  a  safety  factor  of  4  and  au  =  85  ksi  for  304  stainless  steel. 


MAWP 


5.95  ksi  (41  MPal 


The  length  of  thread  engagement  of  the  tube  extension  exceeds  that  of 
the  port  nut  previously  used  hence  yielding  of  these  threads  is  very 
unlikely. 
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A  100  J  laser  with  a  1.06  pm  wavelength  has  replaced  the  15  J  laser 
and  pulse  duration  t  has  been  increased  from  40  ns  to  the  range 
between  600  ys  and  1  ms.  The  100  J  laser  will  be  operated  at  a 
maximum  energy  of  50  J  and  in  general  the  beam  will  be  collimated  to 
some  lower  energy  level  before  being  focused  down  to  a  minimum  spot 
size  of  .375  in  (.95  cm)  diameter.  For  the  uncollimated  beam  (worst 
case)  an  effluence  (energy  per  unit  beam  area)  E  and  flux  (power  per 
unit  beam  area)  F  can  be  calculated  and  compared  to  the  previous 
operation  mode  of  the  15  J  laser. 


15  J  Laser  Mode: 

Ej  =  15  J 

A,  -  7  (.75in)2  =  .44in2  (2.85cm2) 
1  4 

Tj  =  40  ns 

E-,  o 

E,  =  _!  =5.3  J/cnr 

A  A 

F.  *  —  -  1.3  x  108  U/cm2 

1  T1 


100  J  Laser  Mode: 

E2  =  50  J 

A2  «|  f . 375i n) 2  =  .llin2(.71  cm2) 
T2  =  600  ps  -  1  ms 
e2  =  ~  =70  J/cm2 

F,  =  -r-  =  1.2  x  105  -  7.0xl04W/cm2 

6  t2 


A  comparison  of  modes  of  operation  shows  that  with  the  100  J  laser 
the  flux  drops  significantly  (due  mainly  to  the  lengthened  pulse)  but 
the  effluence  rises  an  order  of  magnitude.  Unfortunately,  in  the 
long  pulse  regime  failure  mechanism  are  energy  rather  than  power 
dependent.  Data  are  unavailable  for  damage  thresholds,  Emax,  for 
pulses  as  long  as  600  ps  -  1  ms;  however,  the  literature  tends  to 
agree  that  this  threshold  scales  with  { T  in  the  0-1  psec 
regime.  Information  in  the  600  ps  to  1  ms  range  must  be 
extrapolated. 

♦Information  from  David  Milam,  "Y"  Division,  Feb.  23,  1982. 
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The  effluence  with  the  15  J  laser  mode  will  be  used  as  the  damage 

threshold  baseline  for  this  scaling.  (This  assumption  is 

conservative  since  no  damage  was  found  in  the  windows  after  having 

2 

been  subjected  to  5.3  J/cm  ) 


Emax  @  600  y  sec  _  PH-T  =  600  x  10”^  -  -j 22 
Emax  @  40  ns  40  x  10"y 


Emax  ^  888  ysec  =  650  J/cn/ 


E  0 
max 


E  @ 
max 


1  ms 

40  ns  ^T] 


1  x  10 


-3 


40  x  10~9 


=  158 


Emax  0  1  ms  =  840  J/cm 


? 

This  650-840  J/cm  damage  threshold  is  9.3  to  12  times  the  70 
J/cm  effluence  anticipated  in  the  100  J  laser  operation  mode. 

This  factor  can  not,  however,  justifiably  be  called  a  "safety 
factor".  The  scaling  E  has  only  been  verified  in  the 

III  G  A 

regime  0-1  ysec.  The  presence  of  a  2000  psi  (13.8  MPa)  MOP  further 
complicates  the  dubious  calculation  of  a  "safety  factor". 

To  compensate  for  these  uncertainties  the  stainless  steel  blast  tube 
described  in  ENS  79-968  will  remain  installed  between  the  laser 
optics  and  the  sapphire  window  to  protect  from  any  generated  chips. 

A  catastrophic  failure  is  unlikely  UNLESS  the  laser  beam  is  actually 
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focused  CM  the  window  itself.  A  checkout  of  the  optics  as  described 
in  the  associated  Operational  Safety  Procedure  (OSP)  must  be 
completed  after  each  new  set  up  to  avoid  this  hazardous  situation. 

The  procedure  of  inspecting  the  window  before  each  day  of  use  will 
continue.  The  window  will  also  be  allowed  to  cool  completely  before 
each  shot. 

PRESSURE  TESTING 

The  test  chamber  inlet  manifold,  tube  extension  and  Conax  fitting  shall 
be  tested  as  a  single  unit.  The  assembly  shall  be  "bagged"  with  a 
helium  leak  detector  and  pressure  tested  with  helium  gas  to  150%  MAWP, 
3750  psi  (26  MPa).  At  all  times  during  pressure  testing  care  will  be 
taken  to  maintain  the  oxygen  compatible  cleanliness  of  the  assembly. 

The  testing  will  be  done  under  the  supervision  of  authorized  B343 
personnel. 

LABELING 


The  LLNL  Pressure  Inspector  will  certify  the  vessel  by  attaching  a 
"LLNL  Pressure  Tested"  label  with  the  following  information: 


Assembly  AAA70-105012-00 
Safety  Note  ENS  79-968  +  Addendum 
MAWP  17.3  MPa  (2500  psi) 

Fluid:  Air,  CO,  CO^,  CH^,  A r 
Temperature:  -20°  to  100°C 
Remark:  Manned  Area 


y>1 

vvl 

v* 


ASSOCIATED  PROCEDURES 


Operational  Safety  Procedure 


U-398  f«£V.  8/71) 


>*.  ’.rV.V  ' 
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Appendix  3 

Evidence  of  Interstitial  Microsegregation  in  Iron, 
Obtained  by  Ion  Microscopy 
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Introduction 

Segregation  of  impurity  atoms  to  the  strain  fields  of  dislocations  and  the  effective  locking  of  the 
dislocations  by  the  impurity  "atmospheres"  was  first  suggested  by  Cottrell1  and  Nabarro.2  The  formation 
of  interstitial  atmospheres  and  their  effect  in  iion  was  first  treated  by  Cottrell  and  Bilby.3  Further  impor¬ 
tance  of  interstitial  effects  and  experimental  evidence  demonstrating  the  effects  have  been  reviewed  by 
Hirth  and  Lothe.4  This  paper  describes  additional  evidence  of  microsegregation  of  several  interstitial 
elements  in  iron  that  has  been  detected  using  secondary  ion  mass  spectroscopy  (SIMS). 


Experimental  Procedure 

The  iron  specimens  used  in  this  study  had  been  exposed  to  a  pulsed  laser  beam  in  different  gases. 
The  purity  of  the  iron  was  nominally  99.96%.  The  carbon  and  oxygen  contents  were  18  and  33  ppm, 
respectively,  and  both  the  nitrogen  and  the  hydrogen  contents  were  reported  to  be  less  than  1  ppm.  These 
concentrations  were  sufficiently  low  to  facilitate  the  detection  of  small  changes  in  the  concentrations  of 
these  elements  induced  by  laser-pulsing,  but  they  were  still  sufficiently  high  to  be  easily  analyzed  by 
SIMS.  The  specimens  were  sectioned  from  a  1/2-in. -diameter  bar  and  were  approximately  1/8-in.  thick. 
The  bar  had  been  cold-swaged,  and  the  microstructure  was  composed  of  severely  elongated  grains.  The 
cold-worked  structure  provided  the  necessary  dislocation  structure  for  the  occurrence  of  microsegregation. 
The  surface  of  each  specimen  was  metallographically  polished  prior  to  laser-pulsing.  This  enhanced 
detection  of  surface  damage  and  also  provided  a  more  uniform  surface  for  SIMS  analysis.  The  directions 
of  the  laser-pulsing  and  the  SIMS  profiles  were  parallel  to  the  axis  of  the  bar. 

The  specimens  were  pulsed  with  a  two-stage  neodymium-glass  laser  capable  of  generating  a  pulse  of 
up  to  100  j  in  the  normal  mode;  the  pulse  duration  was  600  >is,  and  the  initial  beam  diameter  was  19  mm. 
An  aperture  and  lens  were  used  to  focus  the  beam  to  3.2-mm  diameter  on  the  specimen  surface.  The 
specimens  were  pulsed  in  a  pressure  chamber  filled  with  argon  and  a  10%  methane/argon  mixture  at  150 
psi. 

SIMS  depth-profile  analyses  were  performed  with  a  CAMECA  IMS-3f  ion  microanalyzer  using  a  Cs  + 
primary  ion  beam.  The  Cs+  ion  beam  yields  high  sensitivity  for  elements  with  high  electron  affinities. 
This  is  particularly  desirable  for  the  analysis  of  electropositive  elements,  including  hydrogen,  carbon, 
oxygen,  and  silicon.  Nitrogen  has  both  a  very  low  electron  affinity  and  a  high  ionization  potential  and  is 
one  of  the  more  difficult  elements  to  analyze  with  SIMS.  Nitrogen  information  was  obtained  by  analyzing 
for  molecular  combinations  of  nitrogen  with  carbon  and  iron.  Mass  isotopes  26  (12C  +  14N)  and  70  (56Fe  + 
l4N)  were  used.  Some  caution  had  to  be  exercised  in  the  interpretation  of  the  mass  isotope  26  and  70  data, 
however,  because  of  interference  with  other  molecular  combinations  (e.g.,  10B  +  160,  12C2  +  'H2,  ^Fe  + 
’60,  and  58Fe  +  12C).  The  depth  profiles  were  conducted  with  high  sputtering  rates  of  the  order  of 
0.05  Mtn/s.  The  diameter  of  the  area  analyzed  was  estimated  to  be  2  to  3  aut>. 
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Results  and  Discussion 


The  specimens  were  analyzed  for  mass  isotopes  'H,  12C,  160,  26{CN],  28Si,  ^S,  ^Fe,  and  70[FeN].  In 
addition,  mass  isotope  UB  was  analyzed  in  some  of  the  specimens.  Up  to  nine  elements  could  be  analyzed 
sequentially  at  each  step  in  the  profile.  The  depth  concentration  profiles  were  normalized-  to  56Fe  equiva¬ 
lence.  This  was  an  attempt  to  compensate  for  irregularities  in  the  profiles  caused  by  factors  such  as  the 
depths  of  the  craters  formed  by  the  primary  ion  beam  and  surface  irregularities  caused  by  laser-beam- 
induced  melting.  It  was  effected  by  arbitrarily  plotting  the  56Fe  data  along  a  straight  line  at  a  fixed 
intensity  level  and  proportionally  adjusting  the  other  intensity  data  by  the  relative  amount  required  to 
shift  the  56Fe  data.  This  is  only  an  approximate  correction,  however,  since  the  relative  ion  extraction 
efficiencies  also  can  be  affected  by  concentration  changer. 

Depth  profiles  from  a  specimen  laser-pulsed  in  argon  at  150  psi  with  a  beam  energy  of  10  J  are  shown 
in  Fig.  A3- 1 .  Fig.  A3-la  is  from  the  unexposed  region,  and  Fig.  A3-lb  is  from  the  laser-pulsed  region. 
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Surface  melting  had  occurred  in  the  region  Fig.  A3-lb  was  taken  from,  and  the  depth  profile  extended 
through  the  melted  zone. 

The  point  of  major  concern  in  this  paper  is  the  short-range  intensity  fluctuations  in  the  12C  and  I60 
profiles  in  Figs.  A3-la  and  A3-lb.  The  sampling  points  in  the  depth  profiles  were  at  approximately  2-^m 
intervals,  and  the  periodicity  of  the  intensity  fluctuations  was  approximately  4  jim.  This  indicates  that  the 
segregation  patterns  are  of  the  order  of  a  few  micrometers,  and  this  corresponds  with  the  size  of  the 
dislocation  cell  structure  found  in  cold-worked  iron.5'8 

The  intensity  fluctuations  were  much  greater  than  the  instrument  noise  level  and  were  consistently 
observed  in  the  base  material  of  the  cold-worked  iron.  Corresponding  intensity  fluctuations  also  occurred 
in  the  mass  isotope  26  and  70  profiles.  As  can  be  seen  in  Fig.  A3-lb,  these  fluctuations  disappeared  in  the 
laser-pulsed  regions  whenever  surface  melting  occurred.  This  obviously  was  related  to  the  rapid  quench¬ 
ing  of  the  surface  region  after  exposure  to  the  laser  beam.  Thus,  the  intensity  fluctuations  were  real  and 
related  to  the  cold-worked  structure.  Furthermore,  their  absence  provided  an  indication  of  the  depth  to 
which  carbon  and  oxygen  were  homogeneously  redistributed  into  solution  by  surface  melting. 

Depth  profiles  from  specimens  laser-pulsed  in  10%  methane/argon  at  150  psi  with  a  nominal  beam 
energy  of  40  |  are  shown  in  Fig.  A3-2.  Fig.  A3-2a  is  from  a  specimen  which  received  10  pulses,  and  Fig  A3- 
2b  is  from  a  specimen  which  received  50  pulses.  These  figures  show  the  reproducibility  of  the  intensity 
fluctuations  in  the  12C,  l60,  26[CN],  and  70[FeN]  profiles  in  the  base  material.  Similar  fluctuations  also  are 
evident  in  the  UB  profile  in  Fig.  A3-2a.  The  intensity  of  the  nB  profile  is  sufficiently  low  that  the  contribu¬ 
tion  of  instrument  background  has  become  apparent,  particularly  in  the  portion  of  the  profile  correspond¬ 
ing  to  surface  melting.  This  is  further  verification  that  the  intensity  fluctuations  in  the  other  profiles  are 
real,  since  the  other  profiles  are  significantly  higher  than  the  background  level. 

Other  observations  made  from  the  profiles  are  discussed  briefly  to  demonstrate  the  excellent  sensitiv¬ 
ity  of  SIMS  in  the  analyses  of  these  elements.  Comparison  of  Figs.  A3-la  and  A3-lb  shows  that  laser¬ 
pulsing  in  argon  significantly  increased  the  oxygen  concentration  when  surface  melting  occurred.  The 
depth  of  oxygen  penetration  indicated  in  Fig.  A3-lb  was  about  20  nm.  Fig.  A3-lb  also  shows  that  the 
oxidation  was  accompanied  by  a  slight  amount  of  decarburization.  The  profiles  for  mass  isotopes  26  and 
70  in  Fig.  A3- lb  show  increases  near  the  surface  nearly  identical  to  the  ieO  profile.  This  implies  that 
nitrogen  contamination  also  occurred,  and  that  the  source  of  contamination  was  probably  air.  The  :H 
profiles  in  this  specimen  did  not  appear  to  be  affected  by  laser-pulsing.  In  addition,  the  intensity  fluctua¬ 
tions  were  almost  nonexistent  in  the  ‘H  profile. 

Figs.  A3-2a  and  A3-2b,  for  specimens  pulsed  in  10%  methane/argon,  demonstrate  that  significant 
increases  did  occur  in  the  carbon  content  as  the  number  of  pulses  increased.  Comparison  with  depth 
profiles  from  AISI  4340  specimens  indicated  that  the  maximum  carbon  level  reached  in  these  figures  was 
approximately  0.40%.  The  flat  12C  profile  projecting  from  the  surface  of  the  specimen  pulsed  50  times  in 
Fig.  A3-2b  indicates  that  saturation  occurred,  and  this  could  correspond  to  a  quasi-equilibrium  value  for 
these  specific  conditions.  The  ’H  profiles  also  appeared  to  increase  slightly  near  the  surfaces,  probably  the 
result  of  residual  water  contamination,  but  this  did  not  consistently  correspond  to  the  increase  in  the  160 
profiles. 

The  intensity  fluctuations  in  the  carbon  oxygen,  nitrogen,  and  boron  profiles  are  considered  to  be 
evidence  of  microsegregation.  The  fluctuations  in  the  'fcO,  2blCN],  and  70[FeN]  profiles  almost  exactly 
coincide,  and  the  fluctuations  in  the  "B  profile  also  show  a  strong  tendency  to  coincide  with  them.  The 
28Si  profiles  also  show  very  slight  fluctuations  that  coincide  with  them,  but  these  are  suspected  to  be 
related  to  l2C  +  lhO  and  not  to  28Si.  In  contrast,  the  fluctuations  in  the  12C  profiles  have  a  different  and 
apparently  unrelated  pattern.  This  strongly  suggests  that  oxygen,  nitrogen,  and  boron  segregate  to  a 
common  site,  and  carbon  is  segregating  to  a  different  site.  The  intensity  fluctuations  are  significantly 
greater  for  oxygen,  nitrogen,  and  boron  than  they  are  for  carbon.  This  could  indicate  that  oxygen,  nitro¬ 
gen,  and  boron  form  clusters  or  fine  precipitates,  whereas  carbon  segregates  in  a  more  uniform  configura¬ 
tion  such  as  Cottrell  atmospheres  along  dislocations  in  cell  walls. 

Surprisingly,  the  hydrogen  profiles  did  not  exhibit  evidence  of  segregation.  Whether  this  is  related  to 
the  rapid  diffusion  of  hydrogen  during  the  analysis,  insensitivity  of  SIMS  to  detect  hydrogen  segregation 
because  of  a  high  hydrogen  background,  or  the  lack  of  hydrogen  segregation  requires  further  study. 

Obviously,  additional  work  is  required  to  positively  identify  the  sites  for  interstitial  segregation,  but 
these  results  demonstrate  the  potential  for  SIMS  microanalysis  to  detect  interstitial  segregation. 


intensity  (counts/s)  2  S'  ,on  intensity 
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ABSTRACT 


The  dynamic  response  of  a  thin  steel  disk  to  a  transient  thermal  pulse 
induced  by  a  pulsed  neodymium-glass  laser  was  studied  experimentally  and 
compared  with  numerical  results  from  a  finite  element  code.  The  experiment 
was  designed  to  provide  data  for  use  in  code  development  work  for 
erosion/corrosion  studies. 
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INTRODUCTION 


Material  degradation  due  to  erosion/corrosion  processes  occurring  at  very 
high  temperatures  and  pressures  (up  to  thousands  of  degrees  K  and  hundreds  of 
MPa)  is  a  serious  problem  encountered  in  various  applications  of  combustion. 
The  metal  and  nonmetal  surfaces  containing  the  combustion  in  such  applications 
as  rocket  nozzles,  internal  combustion  engines,  gas  turbine  combustors,  and 
flow  metering  orifices  degrade  by  material  blow-off,  fissuring,  and  other 
related  mechanisms.  The  rate  and  degree  of  erosion  and  corrosion  occurring  is 
directly  dependent  on  the  combined  effects  of  the  heating  and  cooling  rates, 
temperature  peak,  gases  and  particulates  present,  peak  pressures,  and  the 
cycles  of  combustion  to  which  the  surface  has  been  subjected.  Due  to  the 
complexity  and  severe  environment  in  which  the  erosion/corrosion  phenomena 
occur,  little  experimental  data  are  available  for  use  in  numerical  code 
development  work. 

To  provide  data  for  modeling  the  fundamental  mechanisms  of 
erosion/corrosion,  an  approach  using  high  energy  pulsed  laser  deposition  on 
various  samples  at  differing  levels  of  energy  and  in  different  atmospheres  and 
pressures  was  considered.  This  relatively  inexpensive  method  of  testing  can 
produce  many  of  the  relevant  phenomena  present  by  subjecting  the  sample  to 
laser  deposition  through  a  transparent  window  of  a  pressure  vessel  container. 
The  environment  and  pressure  of  the  vessel  can  be  easily  changed  and  monitored 


86 


tW.  c 


to  give  desired  test  conditions.  These  tests  would  induce  highly  transient 
temperatures  with  possible  melting  and  vaporization  as  well  as  the 
corresponding  thermal  stresses  and  chemical  reactions  at  the  specimen  surface. 

The  purpose  of  this  segment  of  the  study  was  to  evaluate  a  thin  metal 

disk  sample  subjected  to  laser  energy  deposition  as  a  suitable  specimen 

geometry  for  providing  usable  data  for  the  development  of  erosion/corrosion 
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models  to  be  used  in  numerical  analysis.  *  The  transient  temperature, 
strain,  and  stress  were  measured  using  conventional  transducers  and  the 
corresponding  specimen  surface  degradation  was  studied.  The  transient 
response  results  were  then  compared  with  the 'predictions  of  a  finite  element 
code  (DTVIS2)  where  the  specimen  was  subjected  to  a  transient  energy  flux 
input. 


LASER-MATERIAL  INTERACTION 


Laser  energy  deposition  will  produce  a  thermal  compressive  stress  on  the 

deposition  side  of  the  disk  sample.  That  is,  the  sudden  heating  causes  the 

metal  surface  to  want  to  expand  but  it  is  confined  by  surrounding  unheated 

metal.  At  high  laser  pulse  energies,  specimen  melt,  vaporization,  and 

3  4 

momentum  transfer  due  to  the  resulting  blow-off  are  known  to  occur.  ’ 


In  particular,  earlier  work  has  shown  that  compressive  stress  waves  are 
induced  in  the  sample  when  subjected  to  a  Q-pulsed  laser  deposition  with  a 
pulse  duration  of  about  30  nsec.  Response  to  a  much  longer  normal  mode  pulse 
(about  60*0  ysec)  has  not  been  as  thoroughly  studied  but  it  would  be  expected 
to  be  more  quasi-static  in  nature.  Certainly,  considerably  more  energy  is 
available  in  the  normal  pulse  mode  of  operation. 

The  surface  degradation  due  to  laser  deposition  will  depend  on  the  flux 
intensity,  absorptivity  of  the  surface,  and  the  specimen  environment.  A  range 
of  flux  intensities  can  be  achieved  by  focusing  or  expanding  the  laser  beam 
and  by  changing  the  laser  beam  energy.  Successive  depositions  can  be  easily 
accomplished  using  repeated  pulsing  of  the  laser.  As  would  be  expected, 
Increasing  the  pulse  energy  and  the  number  of  depositions  will  result  in  a 
corresponding  increase  in  specimen  surface  damage.  The  laser-induced 
transient  heating  undertaken  on  various  samples  at  suitable  pressures  and 
gaseous  environments  should  provide  meaningful  data  for  computer  model 
development . 


TRANSIENT  HEATING  OF  A  THIN  DISK 


When  one  side  of  a  thin  disk  specimen  is  suddenly  heated,  the  induced 
compressive  thermal  stress  causes  an  outward  cupping  of  the  disk.  The 
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opposite  cooler  side,  curved  inward,  is  correspondingly  subjected  to  an 
initial  compressive  strain.  As  heat  flows  through  the  disk  thickness  and 


radially,  a  tensile  thermal  strain  will  result  throughout.  A  strain  gage 
mounted  on  the  back  side  of  the  disk  specimen  will,  therefore,  respond  to  the 
suddenly  increasing  compressive  strain  which  peaks  at  the  end  of  the  laser 
pulse.  The  gage  output  will  then  be  decreasingly  compressive  and  gradually  go 
tensile  as  thermal  equilibrium  is  established. 


Whereas  relatively  slow  surface  heating  would  be  expected  to  result  in  a 
quasi-static  type  response,  the  very  rapid  heating  from  a  Q-pulsed  laser 
configuration  could  excite  vibrations  in  the  disk  corresponding  to  its 
fundamental  natural  frequency.  A  freely  supported,  circular  disk  will  vibrate 
with  a  fundamental  natural  frequency  in  Hz  given  by^ 


Eq.  (1) 


where  a  *  sample  radius 

D  *  flexural  rigidity,  Eh^/12(l-v^) 
h  =  sample  thickness 
p  *  mass  density 


and  E,  v  are  Young's  modulus  and  Poisson's  ratio. 


When  vibratory  modes  are  excited  by  the  laser  heating,  a  strain  gage 
mounted  at  the  center  of  the  rear  face  will  detect  the  gross  compressive 


strain  level  with  a  superposed  oscillating  strain  having  a  frequency  equal  to 
that  given  by  Eq.  1. 

The  transient  response  of  the  disk  sample  will  also  be  affected  by  the 
speed  of  heat  transmission  through  the  sample.  This  is  determined  by  the 
magnitude  of  the  diffusivity  of  the  sample  material  given  by  the  relation 


a 


k_ 

pc 


Eq.  (2) 


where  k  =  the  conductivity 
and  c  =  the  specific  heat. 


The  time  at  which  the  back  surface  temperature  has  reached  one-half  the 
peak  temperature  amplitude  can  be  shown  to  be 


t 


1/2 


0.138  h2 
a 


Eq.  (3) 


A  thermocouple  attached  at  the  back  center  of  the  specimen  will  give  the 
temperature-time  data  from  which  t^ ^  can  be  measured  and  the  value  of 
determined . 
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EXPERIMENTAL  ARRANGEMENT 


Specimens  for  testing  were  fabricated  from  4340  steel  alloy  and  were 
19  mm  in  diameter  by  1.6  mm  thick.  Both  surfaces  were  finished  to  a 
600  grit.  A  neodymium-glass  laser  capable  of  a  10-15  Joule  pulse  in  the 
Q-switched  mode  (30  nsec)  and  up  to  a  100  Joule  pulse  in  the  normal  mode 
(600  ysec)  was  used.  The  19  mm  beam  was  directed  through  a  glass 
beam-splitter  sending  a  small  portion  of  the  output  to  a  photodiode  to  provide 
a  trigger  pulse  for  the  recording  oscilloscope.  The  main  beam  then  passed 
through  a  converging  lens,  an  aperture,  and  was  deposited  on  the  specimen. 

The  specimen  had  either  a  thermocouple,  strain  gage,  or  stress  transducer 
mounted  on  its  rear  face  and  the  corresponding  output  was  fed  into  an 
oscilloscope.  A  schematic  diagram  of  the  test  facility  is  shown  in  Fig.  1 
with  the  sample  located  at  the  extreme  left. 

SAMPLE  PROPERTIES 

Samples  for  all  tests  were  fabricated  from  4340  alloy  steel  in  the  form 
of  disks  19  mm  in  diameter  by  1.6  ram  thick.  Table  properties  for  the  samples 


were  taken  to  be: 


E  =  200  GPa 
V  =  0.285 
p  =  7840  kg/m' 


k  =  41.8  W 
m«K 

c  =  502  J 

kg.K 


For  these  values,  Equations  1-3  give  the  fundamental  frequency  for  a  freely 
supported  plate  and  the  half-time  back  surface  .thermal  response  to  be, 


f  =  38,600  Hz 
and  ti/2  =  ^3  msec* 


:est  procedure 


The  4340  steel  disk  samples  were  prepared  for  testing  by  attaching  an 
intrinsically  mounted  thermocouple  (type  E,  chromel-constantan) ,  a  1.6  mm  gage 
length  semiconductor  strain  gage,  or  an  ultrasonic  transducer  wrung  on  the 
rear  surface  using  vacuum  grease.  The  transient  signals  from  the  transducers 
were  recorded  on  an  oscilloscope  simultaneously  with  the  photodiode  output  of 
the  laser  pulse  (used  as  a  timing  fiducial).  The  prepared  sample  was  then 
carefully  aligned  with  the  high  energy  laser  beam  path  using  a  helium-neon 


alignment  laser.  A  focusing  lens  and  aperture  were  used  to  give  the  decired 


intensity  and  spot  size.  (See  Figure  2) 


I 

1 

i 
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Tests  were  conducted  by  subjecting  the  sample  to  either  a  normal  mode 
pulse  of  up  to  100  Joules  and  600  jjsec  duration  or  a  Q-pulse  of  up  to  15 
Joules  and  30  nsec  duration.  The  sample  was  found  to  absorb  only  20%-50%  of 
the  laser  energy,  the  balance  being  reflected  or  blocked  by  the  plume 
developed.  Figure  3  shows  a  time  integrated  photograph  of  a  normal  mode 
deposition  and  illustrates  the  plume  developed  during  the  pulse.  The  sample 
was  held  in  place  by  the  three  nylon  supports  shown.  The  laser  beam  does  not 
appear  in  the  photograph  as  the  film  is  not  sensitive  to  the  1.06  Urn 
wavelength  of  the  neodymium  glass  laser. 


Tests  were  numerically  modeled  using  a  finite  element  code  (DTVIS2) 
capable  of  dynamic  response  calculations  with  a  specified  thermal  flux  input. 
The  A8  element  grid  layout  is  shown  in  Fig.  4  with  deposition  indicated  over 
the  central  area  of  the  sample.  The  flux-time  variation  given  in  Fig.  4  is 
for  a  normal  mode  pulse. 


RESULTS  AND  DISCUSSION 


Table  I  gives  typical  data  from  selected  experimental  and  computational 

runs. 
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TABLE  I 


Selected  Experimental  (EXP)  and  Computational  (COMP)  Results 


Run 

Energy ,J 

Deposition  Area 

Rear  At,K 

tl/2.ms 

Rad  Strain 

EXPl 

80 

Full  Face 

21 

33 

-280  ye 

EXP2 

80 

Center  6.3  mm 

103 

34 

-460  ye 

EXP3 

80 

Center  6.3  nun 

— 

— 

EXP4 

40 

Center  6.3  mm 

79 

33 

-370  ye 

EXP5 

9  (Q) 

Full  Face 

— 

— 

CCMP1 

40 

Full  Face 

22 

36 

-195  ye 

CCMP2 

40 

Center  6.3  mm 

168 

34 

— 

Vib  Freq 


38000  Hz 
38500  Hz 


Of  particular  note  from  the  table  is  the  excellent  agreement  between 
analysis,  experiment  and  numerical  results  for  the  half-time  temperature  rise 
on  the  back  face  of  the  sample  (about  33  msec).  The  rear  surface  temperature 
rise  for  a  40  Joule  computational  run  (22K)  was  about  the  same  as  found 
experimentally  for  an  80  Joule  input  pulse  (21K).  This  would  Indicate  about 
50Z  of  the  total  energy  was  coupled  into  the  specimen  —  the  balance  being 
lost  through  reflection,  vaporization,  and  blowoff.  For  these  same  deposition 
energies,  the  finite  element  run  predicted  a  considerably  larger  back  face 
temperature  rise*  This  was  due  to  extensive  surface  vaporization  not 
accounted  for  in  the  numerical  theory.  The  two  runs  showing  induced  vibration 
were  also  in  close  agreement  with  the  analytical  calculation  of  fundamental 
plate  frequency  of  38,600  Hz.  The  vibration  was  excited  by  a  normal  mode,  80 
Joule  pulse  in  one  run  and  by  a  Q-pulse  mode,  9  Joule  pulse  in  another  run. 


Rear  surface  thermocouple  temperature  measurements  for  normal  mode 
deposition  showed  rapid  temperature  rise  to  a  peak  temperature  occurring  at 
about  80  msec.  Subsequent  decay  to  room  temperature  due  to  thermal 
equilibrium  and  heat  transfer  from  the  sample  occurred  by  2-3  seconds  after 
pulse  time.  As  would  be  expected,  much  higher  peak  temperature  was  reached 
for  the  focused  beam.  Temperature  history  is  shown  in  Fig.  5  and  compared  to 
predictions  of  the  finite  element  code.  Quite  good  agreement  is  indicated 
with  the  tjy2  values  essentially  the  same.  Successive  shots  on  the  same 
disk  typically  showed  progressive  increases  in  ^the  peak  temperature  due  to 
increased  absorptivity.  For  example,  tests  at  80  Joules  focused  to  a  6.3  mm 
diameter  gave  a  40  K  temperature  rise  on  the  first  shot  and  a  93  K  rise  on  the 
tenth  shot.  This  is  due  to  oxidation  of  the  deposition  area  as  later  testing 
(not  reported  here)  in  an  inert  or  evacuated  environment  showed  little  change 
in  absorptivity  and  the  corresponding  peak  temperature  rise  between  the  first 
and  tenth  shot. 

Strain  histories  were  recorded  for  both  600  Vsec  and  30  nsec  pulses.  The 
response  to  the  focused  normal  mode  pulse  showed  an  immediate  compressive 
strain  which  peaked  shortly  after  the  end  of  the  laser  pulse  (about  1  msec) 
and  then  decayed  to  zero  strain  as  temperature  equilibrium  was  reached. 

However,  in  all  cases  the  gage  output  returned  compressive  rather  than  going 
tensile  as  expected  from  the  final  thermoelastic  tensile  strain.  This  result 
was  apparently  due  to  thermal  effects  on  the  semiconductor  strain  gage  as  the 
higher  temperatures  reached  the  back  face.  The  computer  code  predicted  the 
expected  strain  history  with  Initial  compressive  strain  followed  by  decay  and 
a  subsequent  tensile  strain.  The  deformed  shape  history  for  the  disk  subjected 


to  a  central  flux  with  energy  of  40  Joules  and  duration  of  600  psec  is  shown  in 
Fig.  6.  The  series  of  disk  profiles  show  a  maximum  cupping  shape  at  600  psec 
with  the  disk  nearly  flat  again  by  two  seconds. 

Although  plate  vibrations  were  not  readily  evident  for  normal  mode  tests, 
appropriate  signal  amplification  and  low  frequency  filtering  produced  a 
superposed  high  frequency  signal  of  about  38,000  Hz  -  the  fundamental  natural 
frequency  of  the  plate.  Similar  testing  in  the  Q-switched  mode  excited  strong 
vibration  at  the  fundamental  frequency.  This  is  illustrated  in  Fig.  7  at  two 
sweep  rates  with  the  expanded  rates  given  at  the  beginning  (A)  and  at  540  usee 
after  deposition  (B).  Fig.  7A  shows  a  superposed  higher  mode  of  vibration 
present.  This  higher  mode  has  damped  out  by  the  time  of  the  Fig.  7B  trace. 

Three  types  of  piezoelectric  stress  gages  were  mounted  to  the  back  face  of 
the  sample  by  wringing  them  on,  using  vacuum  grease.  The  configuration  was 
then  subjected  to  a  40  Joule,  600  ysec  pulse  (see  Fig.  8)  and  the  output 
recorded.  Although  ultrasonic  transducers  in  general  do  not  give  a  true 
history  of  the  actual  transient  stress,  all  three  transducers  used  indicated  a 
compressive  stress  state  generated  during  the  laser  pulse  duration.  The  trace 
data  for  a  one-inch  diameter,  five  MHz  commercial  transducer  is  shown  in  Fig.  9. 


CONCLUSIONS 


The  general  dynamic  behavior  of  a  thin  disk  subjected  to  a  laser  energy 
deposition  pulse  can  be  described  in  terms  of  its  thermal  and  mechanical 
response*  The  thermal  response  can  be  accurately  predicted  using  an 
analytical  half-time  temperature  relation  or  a  finite  element  thermoelastic 
code.  Strain  gage  response  is  valid  until  heat  transmission  through  the 
sample  thickness  affects  the  gage  output.  Laser  deposition  can  excite  the 
fundamental  mode  of  plate  vibration  -  especially  when  subjected  to  a 
Q-switched  pulse.  With  the  dynamic  response  of  the  thin  disk  reasonably  well 
understood,  this  sample  configuration  should  be  a  suitable  form  for 
erosion/corrosion  testing  using  laser  energy  disposition. 
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Fig.  1.  Schematic  diagram  for  pulsed 
laser  deposition  experiments. 
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Fig.  3.  Specimen  configuration  for 

laser  deposition  experiments. 
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Fig.  5.  Back  surface  temperature  history 
comparing  experimental  measure¬ 
ments  with  finite  element  pre¬ 
diction. 
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Fig.  2.  Time-integrated  photo 
showing  plume. 
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Fig.  4.  Finite  element  mesh  showing 
normal  mode  thermal  flux. 
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Fig.  6.  Magnified  deformed  shape 
histories  predicted  by 
finite  element  code. 
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Fig.  7.  Disk  back-surface  strain  response  to  Q-swItched 
.  laser  deposition  on  full  face  of  specimen. 
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Fig.  8.  Stress  gage  test  configuration. 
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Fig.  9.  Signal  from  piezoelectric  ultrasonic 
stress  gage  resulting  from  normal 
mode  laser  deposition. 
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Appendix  5 

Application  of  Dislocation  Dynamics  to  Erosion /Corrosion 
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One  of  the  mechanisms  of  primary  concern  in  erosion/corrosion  is  pla-tii  deformation,  particularly  as 
a  precursor  to  crack  initiation  and  subsequent  material  loss.  The  purpose  of  this  appendix  is  to  discuss  a 
simplified  dislocation  dynamics  approach  for  the  simulation  of  plastic  deformation  that  occurs  during 
erosion/corrosion.  Other  constitutive  treatments  of  plastic  deformation  such  as  the  phenomenological 
approach  developed  by  Hart,1  empirical  approaches,2  or  other  dislocation  models'  mar  be  considered  for 
modelling  plastic  deformation  in  erosion/corrosion  reactions,  but  the  dislocation  dynamics  approach  was 
selected  for  this  discussion  because  of  its  more  explicit  incorporation  of  material  parameters.  The  objective 
of  this  discussion  is  to  indicate  how  various  material  parameters  may  interact  during  erosion/corrosion, 
how  they  may  be  modified  by  surface  chemical  reactions  in  a  reactive  environment,  and  the  type  of  data 
that  must  be  generated  by  experiment. 

One  of  the  first  constitutive  relations  based  on  dislocation  dynamics  for  the  plastic  strain  rate  of 
materials  was  developed  by  Johnston  and  Gilman.4  They  related  the  plastic  strain  rate  of  a  crystal  to  the 
strength  or  Burgers  vector  of  a  dislocation,  the  number  of  mobile  dislocations,  and  the  average  velocity  of 
dislocations: 

<p  =  b  n  v  ( 1 ) 

tp  =  plastic  strain  rate 
b  =  Burgers  vector 

n  =  number  of  glissile  dislocations  per  unit  area 
n  =  average  dislocation  velocity 

Johnston  and  Gilman  also  suggested  that  edge  and  screw  components  of  dislocations  should  be  treated 
separately  since  edge  dislocations  are  more  mobile  than  screw  dislocations.  Their  relation  neglected  work 
hardening.  Gillis5  used  a  modified  Johnston-Gilman  relation  that  included  work  hardening  terms: 

tP  =  4>  b(pu  +  a  tp)  t>*  exp  (-D*/r)  (2) 

<l>  =  orientation  factor 
p0  =  initial  dislocation  density 
a  =  dislocation  multiplication  coefficient 
<p  =  plastic  strain 

v*  =  apparent  limiting  dislocation  velocity 
D*  =  characteristic  drag  stress 
r  =  maximum  shear  stress 

The  form  of  the  dislocation  drag  stress  term  was  proposed  to  be: 

D*  =  D0*  +  H*tp  (3) 

D0*  =  constant 

H*  =  strain  hardening  coefficient 

This  relation  provided  reasonable  agreement  with  the  experimental  Hugoniot  elastic  limit  determined  for 
tantalum  specimens  that  had  been  impacted  with  a  gas  propellent  gun.  The  general  form  of  Eq.  (2)  is 
frequently  used  in  dislocation  dynamics,  although  the  individual  terms  still  are  subject  to  much  debate. h7 

Thermal  effects  can  be  included  in  Eq.  (2)  by  substituting  a  frequency  factor  and  an  Arrhenius  term  as 
discussed  by  Conrad8: 

v*  =  v  exp  \-Q(a)/kT\  (4) 

v  =  frequency  factor 
Q(<r)  =  activation  energy 
k  =  Boltzmann  constant 
T  =  absolute  temperature 

The  activation  energy  Q(a)  decreases  with  the  applied  stress  <r.  The  drag  stress  term,  P*.  can  include  the 
concept  of  activation  area.  Properties  which  affect  plastic  deformation  such  as  stacking  fault  energy  for  fee 
materials  usually  are  incorporated  in  a,  P*.  and  possibly  r*.  Chemical  effects  which  occur  with 


erosion/corrosion  as  discussed  in  Appendix  1  will  modify  the  dislocation  multiplication  coefficient,  a,  and 
the  drag  stress  terms,  D*  and  H*.  For  example,  hydrogen  in  steel  may  decrease  D*  and  increase  «,  whereas 
carbon  and  nitrogen  in  solution  can  form  Cottrell  atmospheres  which  decrease  D*  until  dislocation  break¬ 
away  occurs  (i.e.,  serrated  yielding).  Other  factors  such  as  the  Hall-Petch  grain-size  effect  could  be  in¬ 
cluded  in  a  and  H*. 

Grain-boundary  sliding  often  contributes  to  plastic  deformation,  particularly  at  elevated  tempera¬ 
tures.  Grain-boundary  sliding  can  be  incorporated  in  Eq.  (2)  by  considering  plastic  strain  to  be  a  function 
of  the  normal  plastic  strain  in  the  bulk  lattice  plus  the  grain-boundary  contribution,  composed  of  a  grain¬ 
boundary  sliding  term  and  an  interaction  term: 

‘p  =  V  (5) 

tb  =  bulk  plastic  strain 
tg  =  grain-boundary  sliding 
ta  =  interaction  term 

The  interaction  term  includes  contributions  such  as  the  generation  of  bulk  dislocations  to  accommodate 
nonconservative  gliding  of  grain-boundary  dislocations  (GBDs)  which  occurs  along  curved  grain  bound¬ 
aries  at  grain-boundary  junctions.  Since  grain-boundary  sliding  is  related  to  the  glide  of  GBDs  along  the 
grain  boundaries  at  low  and  moderate  temperatures,  the  various  terms  in  Eq.  (2)  should  be  modified  to 
include  the  properties  of  GBDs  and  appropriately  weighted  for  the  relative  contributions  of  bulk  disloca¬ 
tions  and  GBDs.  The  terms  for  GBDs  will  be  affected  in  ways  similar  to  those  already  discussed  for  bulk 
dislocations.  The  collective  treatment  of  bulk  dislocations  and  GBDs  should  properly  reflect  the  dominant 
deformation  mechanisms  that  operate.  This  is  analogous  to  the  deformation  mechanism  maps  developed 
by  Ashby.9 

Diffusional  flow  can  be  an  important  contribution  to  grain-boundary  sliding  for  temperatures  in 
excess  of  0.85  Tm  (Tm  =  melting  point),  as  indicated  by  Ashby's  deformation  mechanism  maps.  This  could 
require  either  separate  treatments  as  used  by  Ashby  or  the  addition  of  terms  to  Eq.  (2)  for  Cobble  and 
Nabarro-Herring  creep.  However,  these  mechanisms  may  not  be  dominant  within  the  short  time  frame  of 
the  transient  response  of  concern  in  this  program,  and  additional  terms  may  not  be  required  for  math¬ 
ematical  simulations.  Nonetheless,  they  demonstrate  the  flexibility  and  versatility  that  this  approach  could 
have. 

The  application  of  Eq.  (2)  to  erosion/corrosion  will  require  a  finite  difference  technique  to  properly 
compensate  for  the  transient  fluctuations  that  occur  in  stress,  temperature,  and  chemical  composition 
during  a  pulse.  The  pulse  could  be  divided  into  finite  time  increments.  The  stress  and  temperature  at  each 
point  in  the  modelled  specimen  would  be  estimated  at  the  beginning  of  each  time  increment.  Both 
experimental  data  reduced  from  experiments  such  as  those  conducted  in  this  program  and  finite  element 
computations  of  stress  and  temperature  distributions  could  be  used  for  the  estimates. 

Because  of  the  sensitivity  of  Eq.  (2)  and,  hence,  erosion/corrosion  response  to  chemical  composition, 
proper  treatment  must  be  accorded  to  compositional  fluctuations  induced  by  surface  chemical  reactions 
during  erosion/corrosion.  Enhanced  diffusional  flow  of  surface  reaction  products  into  the  specimen  is 
expected  to  occur  during  erosion/corrosion  and  significantly  affect  the  resultant  composition  gradient. 
Therefore,  additional  mechanisms  that  must  be  considered  are  (a)  excess  vacancy  production  caused  by 
both  the  effect  of  thermal  pulsing  on  the  equilibrium  vacancy  distribution  and  nonconservative  disloca¬ 
tion  glide  during  plastic  deformation,  (b)  dislocation  drag  of  impurities  by  gliding  dislocations,  and  (c) 
pipe  diffusion  down  the  cores  of  the  large  numbers  of  dislocations  that  are  generated  during  each  pulse. 

Obviously,  detailed  analyses  of  experimental  data  will  be  required  to  affix  proper  values  to  the 
various  terms  in  Eq.  (2).  Once  these  values  are  established  at  the  beginning  of  a  time  increment,  the  strain 
that  occurs  during  the  increment  could  be  computed  from  the  integration  of  Eq.  (2)  over  the  interval  of  the 
increment.  The  values  of  the  terms  in  Eq.  (2)  could  then  be  recalculated  and  set  for  the  next  time  incre¬ 
ment.  The  program  would  be  reiterated  for  the  required  number  of  time  increments  to  correspond  to  the 
effective  pulse  time  (i.e.,  from  the  time  the  pulse  is  initiated  to  the  time  that  plastic  deformation  and 
diffusional  flow  become  minimal  during  cooling). 

For  repetitive  pulsing,  both  the  dislocation  distribution  and  the  composition  gradient  (i.e.,  the  concur¬ 
rent  accumulation  of  damage  and  reaction  products  in  a  real  specimens)  accumulated  at  the  end  of  the 
previous  pulse  simulation  would  be  called  from  storage  to  reset  the  starting  values  for  the  terms  in  Eq.  (2), 


and  the  next  pulse  would  be  simulated.  The  program  would  be  repeated  for  the  desired  number  of  pulses. 
If  required,  the  terms  could  be  modified  for  post-pulse  annealing  effects  such  as  dislocation  annihilation 
or  even  recrystallization. 

Alternate  deformation  and  fracture  mechanisms  may  become  important  as  damage  accrues.  At  ele¬ 
vated  temperatures,  for  example,  high  carbon  and  nitrogen  contents  could  occur  along  the  grain  bound¬ 
aries  as  a  result  of  preferential  grain-boundary  diffusion.  When  the  carbon  and  nitrogen  contents  become 
sufficiently  high,  adiabatic  grain-boundary  sliding  could  induce  incipient  melting  along  the  grain  bound¬ 
aries.  This  would  be  similar  to  liquid-metal  embrittlement  and  could  constitute  an  important  mechanism 
for  erosion/corrosion  material  loss.  This  mechanism  would  be  accelerated  by  deleterious  impurities  such 
as  sulfur,  arsenic,  antimony,  bismuth,  etc.  The  dislocation  dynamics  approach  outlined  in  this  appendix 
could  predict  the  amount  of  plastic  deformation  and  the  compositional  change  required  to  cause  crack 
initiation.  A  crack  growth  model  could  then  be  developed  to  predict  erosion/corrosion  material  loss. 

We  wish  to  emphasize  that  this  model  has  been  discussed  in  detail  to  demonstrate  the  complex 
interaction  of  various  material  parameters  in  erosion/corrosion.  This  program  has  progressed  to  the  point 
where  such  a  model  could  be  developed. 
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